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ABSTRACT 


A structural feature which seems to be common to all 
biomembranes is a lipid bilayer with a hydrophobic interior. 
This bilayer is usually interrupted by membrane proteins, 
either partially embedded in the lipid, or traversing the 
entire bilayer. Lipids arranged in such a way can undergo 
phase transitions from a crystalline gel to a liquid- 
crystalline state, while remaining in the lamellar bilayer 
configuration. The importance of the physical state and 
properties of the membrane lipid to many biomembrane 
functions, including passive permeability and active 
transport, membrane enzyme activities, response to antigens 
and overail cell viability has recently been recognized. The 
purpose of the project undertaken here was to investigate 
the relationship, of facilitated diffusion rates to bilayer 
lipid fluidity in order to gain some information about the 
nature of the transport proteins and their spatial 


relationships to the lipid bilayer. 


The first system investigated was the glucose transport 
described, so its characterization was undertaken. The 
uptake of glucose, as measured by swelling rates of cells in 
isotonic glucose solutions, or by radioactive tracer uptake, 
is much faster than would be predicted for passive 
diffusion. It is inhibited by phlorizin, tannic acid and 


phloretin, and by high temperature. Under the conditions 
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employed, metabolism of the glucose has a significant effect 
on the apparent uptake seen, so it was not possible to 
obtain values for Vm or Km, or to determine whether or not 
accumulation against a concentration gradient occurs. 2- 
Deoxyglucose, but not 3-O-methyl glucose, competes with 


glucose for uptake. 


When the fluidity of the membrane lipid was altered by 
varying the exogenous fatty acids supplied to A. laidlawii, 
or by culturing the cells in the presence or absence of 
cholesterol, a striking dependence of glucose transport rate 


on fluidity was noted. In all cases the cells with the more 


fluid membranes showed a more rapid glucose flux. 


The glucose and uridine facilitated diffusion systems 
of human erythrocytes were also investigated. Here, the 
lipid fluidity was altered either by treating the cells with 
anesthetics or by exchanging cholest-4-en-3-one for membrane 
cholesterol. The alteration of the fluidity obtained was 
monitored by measuring the passive permeation of the cells 
by uridine in the presence of a potent inhibitor of its 
facilitated diffusion system, or the efflux of glucose from 
spherical vesicles formed from the total erythrocyte 
membrane lipid. Neither facilitated diffusion system 


appeared to show a dependence of rate on lipid fluidaty. 


The third system studied was the rat erythrocyte. The 


fatty acid composition of the membrane was altered by 
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fatty acid-deficient diets, and the effects on the 3-0- 
methyl glucose and uridine transport systems observed. It 
appeared that compensatory metabolic mechanisms prevented 
the alteration of either the lipid fluidity, or the 
transport rates, even though a change in the types of fatty 


acids present was seen. 
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CHAPTER I 
INTRODUCTION 


I Review of the Literature 


—S=—=— 


A feature which seems to be shared by all biomembranes 
is a structure kased on a lipid bilayer, comprised of polar 
lipids oriented with their hydrophobic "tail" portions 
projecting inward approximately perpendicular to the bilayer 
plane and their polar “heads" located at the two outer 
surfaces. This structure was proposed in 1925 by Gorter and 
Grendel, based on their caiculation that the lipid extracted 
from erythrocyte memtranes could be spread on a monolayer 
which occupied twice as much area as did the cell membranes 
(1). In 1935, this feature was incorporated into the classic 
Danielli-—Davson model, which also postulated the existence 
of protein layers at the polar surfaces (2). For the next 
three decades, evidence from electron microscopy, X-ray 
diffraction, and chemical analyses, largely with the myelin 
sheath of Schwann cells, gradually accumulated in support of 
this proposal (For review, see Hendler (3)). During this 
time various proposals regarding the position, 
configuration, and mode of binding of membrane proteins were 
made, but no further quantum jumps in the knowledge of 
biomembrane structure occurred until relatively recently, 
when a large number of new physical and chemical techniques 


became available for the study of membrane architecture. 


Two of these techniques are differential thermal 
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analysis and differential scanning calorimetry, which have 
become availatle for organic chemistry and biological 
studies in the last 15 years as sensitive instruments 
requiring only milligram quantities of materials have been 
developed (4). In differential thermal analysis, a sample 
and an inert reference material are heated or cooled at the 
same rate of energy flux and the difference in temperature 
between them is recorded. Any endothermic or exothermic 
transition occurring in the sample will produce a peak or 
trough in the plot of differential temperature vs time or vs 
temperature of the sample or reference material. The 
alternate technique of differential scanning calorimetry 
Maintains the reference material and the sample at the same 
temperature, while recording the differential heat input 
required to dc this as temperature increases or decreases. 
The heat of transition can be obtained from the area under 


the peak in the DSC trace. 


Many substances, such aS phospholipids, do not undergo 
a direct thermal transition from crystal to liquid, but 
rather have one or more intervening "liquid—crystalline" or 
"mesomorphic" states. With phospholipid bilayers, the 
solid—>ligquid—crystalline transition corresponds to a 
fluidization of the hydrocarbon chains with retention of the 
overall bilayer structure. Transitions between crystalline, 
liquid—crystalline, and isotropic liquid states can he 


detected by DTA or DSC. The nature of the liquid—crystalline 
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states of some phospholipids representative of those found 
in hbiomemkranes has been investigated by Phillips eteals, 
using DSC (5). By comparing the heat per methylene group of 
the alpha-crystalline gel—>liquid—crystal transition in. 
lecithins to that required for complete melting of the 
corresponding hydrocarbons, they were able to obtain an 
estimate of the configurational entropy of the hydrocarbon 
chains in the liquid-crystalline state. The increase in 
entropy in gcing from the gel, which is a lamellar 
arrangement, with hydrocarbon chains in each layer in the 
extended, trans configuration and packed in a hexagonal 
lattice, to the lamellar liquid—crystalline state is about 
2/3 as great as that which would occur with complete 
fluidization of hydrocarbon chains which are not joined toa 
polar headgroup. This is compatible with a structure of the 
liquid—crystalline state in which the hydrocarbon chains 
undergo hindered retation about C-—C bonds, and show some 


degree of average orientation perpendicular to the bilayer 


plane. 


Such crystalline—>liquid—crystalline phase transitions 


have also been detected in biological membranes by DSC and 


DTA. Acholeplasma laidlawii B is an organism whose membrane 
fatty acid composition can be varied Over a wide range by 
supplying the appropriate fatty acids in the growth medium 


(6). Differential scanning calorimetry of intact membranes 


of this organism showed a reversible thermotropic phase 
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transition which occurred at the same temperatures as in 
extracted membrane lipids dispersed in water, and had an 
enthalpy about 75% as great as seen with the extracted 
lipids (7). The transition temperature (Tc) decreased with 
increasing unsaturation of the membrane lipids, as is 
predicted from studies With synthetic lecithins (8,9). Cells 
grown at temperatures below their transition temperature 
became osmotically unstable, suggesting that viability is 
dependent on the presence of some liquid—crystalline lipid 
in the membrane. It has subsequently been verified that 
about 10% of the memkrane lipid of this organism must be in 
the liquid—crystalline state for cell viability (10). 
Similar thermotropic phase transitions have been detected by 
DSC in intact cells, membranes, and aqueous dispersions of 
liver mitochondria and microsomes, and aqueous dispersions 
of their isolated lipids (12). In both cases, the lipids 


were found tc be in the liquid—crystalline state at 


physiological temperatures. 


The existence of a lipid bilayer in A. laidlawii 
membranes, and the involvement of at least 80% of the lipids 
in a thermotrepic phase transition have been supported by 
X-ray diffraction studies (13). The transition in intact 
organisms, isolated membranes, or dispersions of isolated 


lipids is manifested as a gradual disappearance of a broad 


4.6 Angstrom reflection and appearance of a sharp 4.15 
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Angstrom reflection as the temperature is lowered. 


Nuclear magnetic resonance (NMR) and electron spin 
resonance (ESR) are two related Spectroscopic techniques. 
which have recently been used in several ways to yield a 
wealth of information about the orientation, motion, 
environment, and phase state of biomembrane lipids. In both 
techniques, a strong magnetic field is applied to the sample 
to cause a splitting of two degenerate energy levels of a 
nucleus or electron (14). These degenerate energy levels 
have the opposite magnetic spin quantum numbers, but have 
the same energies in the absence of an applied field. 
Transition between the split levels can occur by absorbtion 
of radio frequency or microwave radiation, and this 
absorbtion is measured. NMR spectra may be obtained from the 
hydrogen nucleus, so this technique has the advantage of not 
requiring the addition of any foreign molecule which may 
perturb the structure being investigated. It is, however, 
less sensitive and less specific than ESR. ESR requires the 
addition of a "probe" molecule having an unpaired electron. 
While this introduces uncertainty about the effect of the 
probe on the features being investigated, it can be an 
advantage in that ESR is more specific than NMR, since only 


the specific mclecule and position occupied by the probe is 
seen. 


In NMR, the magnetic field experienced by a particle is 


influenced by the fields of adjacent electrons. This effect 
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depends upon orientation of the orbitals in space, so that 
different particles in the sample nay experience slightly 
different resultant local magnetic fields, producing 
broadening of the spectral absorbtion band because there are 
many different resonant conditions present close together in 
frequency rather than just one. Molecular motion can narrow 
the bands to produce a high resolution spectrum if thermal 
moticn is much faster than the resonant frequency so that a 
time average of all orientations is seen for each particle 
(15). For this reason, information about the mobility of 
groups can be cktained from the linewidths of NMR spectra. 
By this method, phase transitions in anhydrous 
phosphatidylethanolamine were readily detected by a sharp 
decrease in linewidth of the —CH2— absorbtion band at the 
transition temperature as samples were heated (16). Phase 
transitions in hydrated dipalmitoyl phosphatidylcholine (17) 
and in sonicated dimyristoyl phosphatidylcholine dispersions 
(18) were alse detected by NMR. The addition of cholesterol 
to liquid—crystalline lecithin dispersions up to a 1:1 mole 
ratio causes selective immobilization of the first 10 
methylene groups in each hydrocarbon chain, resulting in an 
overall fluidity which is intermediate between the gel and 
liquid—crystalline states, and abolishes the thermotropic 


phase transition (19,20). Cerebroside and sphingomyelin, the 


major components of the myelin membrane, show a phase 


transition occurring above physiological temperatures (21). 


In the presence of cholesterol, a —CH2— peak of intermediate 
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mobility is present in the NMR spectrum, both above and 
below Tm. Studies of 13C-nuclear magnetic resonance in 
sonicated egg yclk phosphatidylcholine bilayer vesicles have 
revealed yy gradient of increasing mobility of methylene 
groups along the hydrocarbon chains from the glycerol 
backkone toward the terminal methyl groups (22). The 
extension of this methodology to natural membranes is 
complicated by the fact that there are many other compounds 
present besides lipid which contribute to the spectra. The 
spectra of myelin (23), erythrocyte membranes (17), and 
sarcoplasmic reticulum membranes (24), however, are 
consistent with the lipid being present in a bilayer. The 
hydrocarbon chains in erythrocyte membranes seem rather 
rigid, perhaps due to interaction with cholesterol or 
proteins. On the other hand, the +N—(CH3)3 groups of 
phosphatid ylcholine and sphingomyelin in erythrocyte 
membranes are rather free to move (18). About 80% of the 
fatty acid chains in rabbit sarcoplasmic reticulum membranes 
undergo only limited motion(24), and a large fraction of the 
hydrocarbon chains of A. Jaidlawii can be in a state of 
mobility similar to the gel state oye dimyristoyl 


phosphatidylcholine without loss of viability (25). 


The technique of electron spin resonance spectroscopy 
requires a prebe containing an unpaired electron. The 
nitroxide free radical is very stable and has been 


incorporated into various types of molecules which serve as 
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probes of memtrane and bilayer structure. Because of the 
anisotropy of the resonance, this technique can also provide 
information about orientation of the probe, provided that 
the geometry cf the N—O bond relative to the probe folecuze 


is fixed. 


Three types of paramagnetic probes have been used 
extensively in the study of membranes. One type consists of 
various derivatives of sterols, having a 5-membered ring 
containing the nitroxyl group attached to the sterol. In 
these derivatives the orientation of the N-O bond with 
respect to the rest of the molecule is fixed. It was shown, 
using the spin probe 3-spiro-[ 2'- (N-oxyl-4',4*-dimethyl- 
Oxazolidine) ]J-cholestane, that the sterol long axis is 
oriented essentially perpendicular to the plane of the film 
when it is incorporated into dipalmitoyl—PC or egg yolk—PC 
lamellar bilayers (26). Increasing saturation of the 
hydrocarbon chains, or the addition of cholesterol, 
increased the orientation and decreased the mobility of the 
probe. A thermotropic gel——> liquid—crystalline phase 
transition, and the fluidizing effect of cholesterol on the 
gel state can be detected in sphingomyelin bilayers (27). 
This type of spin label study has also indicated that the 
lipids of erythrocyte ghosts and of influenza virus are 


arranged in a partially fluid bilayer (28). 


The second type of spin probe has the nitroxide- 


containing ring attached to various positions on the 
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hydrocarbon chain of a fatty acid, which may be esterified 
to a glycerol backbone. Studies with these types of spin 
labels have shown a gradient of increasing mobility along 
the Ryarocaenon chains of the probes from the polar to the 
terminal methyl group in lecithin multibilayers (29), 
extracted lipids from Halobacterium cutirubrum (30), 


membranes from A. laidlawii and Mycoplasma hominis (31), and 
yeast membranes (32). Phase transitions occurring near 
physiological temperatures could be detected in many 
biomembranes (33-36). The fluidization of the hydrocarbon 
region by the presence of unsaturation in fatty acid chains 
(32), and the induction by cholesterol of a state of 
fluidity intermediate between the gel and liquid—crystalline 
states, were ccnfirmed (37-39). In some membranes, evidence 
of immobilization of lipid by binding to protein is seen. 
Cytochrome oxidase isolated from beef heart mitochondria 
along with associated phospholipids spontaneously forms 
closed vesicular membranes. These contain a fixed amount of 
immobilized bound lipid, sufficient to forma single layer 
surrounding the protein complex (boundary lipid) ,and 
variable amounts of fluid lipid (40-42). The boundary lipid 
is necessary for maximal activity of this enzyme, but 
additional fluid lipid has no further effect once all the 
binding sites are filled. In Halobacterium cutirubrum, which 
has a low membrane lipid content (lipid:protein ratio < 
0.2), the membrane proteins seem to impose a significant 


ordering on nearly all the lipid, and to abolish the 
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10 
fluidity gradient along the hydrocarbon chains (30). 


In sOnicated phcespholipid vesicles, spin labels on the 
inside surface can be distinguished from those on the 
outside by differences in packing caused by the curvature of 
the surface. Using ascorbate to destroy the paramagnetism of 
the label on the éubeide surface by reduction, it has been 
shown that exchange cf lipid molecules between the two sides 
of the bilayer is very slow (asymmetry of the membrane 
decays with a half-life of 6.5 hr at 30°C) (43). On the 
other hand, lateral diffusion of individual phospholipid 
molecules within the plane of the bilayer in membranes of 
rabbit sarcoplasmic reticulum (44) or A. laidlawii (45) is 


very rapid. 


The third class of spin labels is represented by the 
compcund 2,2,6,6—Tetramethylpiperidine-1l—oxyl (TEMPO). Since 
this compound exhibits a different ESR spectrum in water 
than in a hydrophobic environment, and since its solubility 
in a lipid tilayer depends on the bilayer fluidity, the 
state of fluidity can be determined from the TEMPO spectrum 
(46). This probe has been used to detect phase transitions 
in E. coli memtrane lipids at physiological temperatures 
(47). It has also been shown using TEMPO that 84% of the 
membrane lipid of rakbit sarcoplasmic reticulum is in the 
fluid state at 25°C (46). The discrepancy between this 


result and the NMR data showing largely immobilized lipid in 


sarcoplasmic reticulum membranes (24) may be due to 
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perturbation of the environment by the spin label, so some 


caution is necessary in evaluating ESR data (48,49). 


The techniques cf freeze—fracturing and freeze—etching, 
developed in 1663 (50), have been combined with electron 
microscopy to give information about the structure of the 
surface and ceri ee of cell membranes. The sample is deep 
frozen and splintered by a crude microtome at about -200°C. 
Water can be sublimed from the surface by cooling the 
microtome knife to liquid nitrogen temperatures under high 
vacuum . The etched specimen is then “shadowed" by applying 
platinum vapor at a small angle to the surface to reveal 
textural detail, and a "replica" made by applying a thicker 
layer of carbon. This carbon~platinum replica is examined in 
the electron microscope. It has been shown that one of the 
fracture planes is through the center of the hydrocarbon 
regicn of the bilayer (51-53), so that the internal 
organization of the kilayer can be seen. Freeze-etching has 
revealed the presence of small (80-200 Angstrom diameter) 
globular particles and depressions in the interiors of many 
membranes. These are seen randomly arranged in onion root 
tip cells (51), red blood cells (52-55), Tetrahymena 
pyriformis (56), and A. Jaidlawii (57,58). That these 
particles are proteins is shown by their Temoval from red 
blood cell membranes by pronase digestion (59), their 
depletion in A. laidlawii membranes by incubation of the 


cells in the absence of amino acids or the preSence of 
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puromycin (58), and their distribution in erythrocyte 
membranes in the same pattern as glycoprotein 
phytohemaggiutinin (PHA) receptors on the cell _ surface. 
Cooling of A. Jaidlawii (57) or Tetrahymena pyriformis (56) 
membranes below their Tc results in aggregation of the 
particles and the appearance of large bare patches, 
“presumably due to exclusion of the proteins from areas of 
lipid which is in the gel state. Exposure of erythrocyte 
ghosts to pH=5.5 at low ionic strength also produces a 
reversible aggregation of particles within 2-4 minutes, 


which indicates that the ghost membrane is a planar fluid 


domain, interrupted ky mobile protein intercalations (55). 


Additional evidence for protein located within the 
interior of the bilayer has been obtained from studies 
involving chemical modification of human erythrocyte 
membrane proteins. These techniques require reagents which 
will not penetrate intact membranes, and which can react 
with exposed proteins, detectably altering them. Intact 
cells, sealed or leaky ghosts, membrane vesicles, or 
solubilized memkranes are treated with the reagent, then 
proteins are separated by SDS—polyacrylamide electro- 
phoresis, and the fractions which have been attacked by the 
reagent determined. When membrane proteins were digested 
with proteolytic enzymes, the results indicated an 
asymmetric distribution of proteins on the two sides of the 


membrane, and the existence of one or two proteins which 
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Span the membrane (60-64). It was found that only one to 
three proteins in intact membranes or resealed ghosts are 
susceptible to attack, while a large number of proteins are 
attacked in leaky ghosts. Attack at one side only of the 
membrane was also achieved by forming inside-out or right- 
side-out sealed membrane vesicles, separating then by 
centrifugation, then treating with enzymes (64). Evidence 
for a protein which spans the membrane comes from the 
existence of different proteolysis products of a certain 
protein, depending upon which side of the membrane is 


attacked. 


Labelling of tyrosines and histidines with 4251, using 
lactcperoxidase (65), labelling of tyrosines with 
3SS—sulfanilic acid diazonium salt (60,66), and labelling of 
glycoprotein carbohydrate with 35S—formyl—methionyl sulphone 
methyl phosphate (FMMP) (61) have all supported the 
conclusion from proteolytic enzyme digestion that only a few 
proteins are exposed at the outside surface, but most are 
exposed at the inside. All of these interpretations, 
however, are subject to uncertainty regarding the effect of 
ghost formaticn cn the native structure of membrane 
proteins. More conclusive evidence for the existence of 
three proteins which span the membrane was obtained by 
iodinating erythrocyte ghost proteins from either the 
outside or the inside with lactoperoxidase (67). ITodination 


at the inside surface only was achieved by sealing 
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lactcperoxidase or lactoperoxidase plus glucose oxidase 
inside ghosts, then washing to remove the enzymes from the 
outside. Hydrogen peroxide for the iodination was either 
added directly to the ghosts, or generated on the inside by 
the action of glucose oxidase on glucose added to the 
mixture. The presence of catalase in the solution added to 
the exterior of the ghosts assured that no hydrogen peroxide 
was present outside the ghosts. This procedure eliminates 
the possibility that the labelling of more proteins in leaky 
ghosts could result from exposure of more proteins at the 
outside surface by the opening up of the ghosts, rather than 
from attack of the enzyme at the inside surface. Three 
glycoproteins were found which could be labelled from both 


the inside and the outside of the ghosts. 


The lateral mobility of membrane proteins has been 
demonstrated by the intermixing of surface antigens after 
cell fusion (68). Different colored fluorescent antibodies 
to surface antigens of human and mouse tissue culture cells 
were prepared, then the two cell types were fused by Sendai 
virus. At 379°C, fused cells showed the antibodies segregated 
into the two halves of the cell after 5 minutes, but 
completely intermixed after 40 minutes. Low temperature 
prevented this mixing, presumably by decreasing the membrane 


fluidity. 


Singer and Nicolson have proposed a model for 


biomembrane structure, based on much of the preceding data, 
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Which they call the "Fluid Mosaic Model" (69,70). In this 
model they distinguish between peripheral and integral 
membrane proteins. Peripheral proteins, which can be 
disscciated from the membrane free of lipid and in a soluble 
form by relatively mild treatments, are not essential to the 
basic membrane  § structure. Integral proteins require 
detergents or organic solvents to dissociate them from 
membranes; they often contain bound lipid when isolated, and 
they are insoluble or highly aggregated if the lipid is all 
removed. These are pestulated to be amphipathic, largely 
globular, proteins which are partially buried within the 
hydrocarbon lipid core and interact hydrophobically with 
their lipid environment. They may have their polar regions 
exposed at only one membrane surface, or may span the 
bilayer, being exposed at both sides. These proteins, singly 
or in small aggregates, are free to diffuse laterally 
through the viscous two-dimensional fluid domain formed by 
the membrane lipids. These lipids are largely in the form of 
a fluid bilayer, although some may be bound to protein. 
Rotational transitions of proteins from the outer to inner 
membrane surfaces, or vice versa, would occur at only 
negligibly slow rates, allowing the maintenance of 


transmembrane asymmetry. 


The phase transitions and degree of fluidity of 
biomembrane lipids have been shown to affect many biological 


functions asscciated with membranes. When the passive 
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permeabilities of A. laidlawii cells and derived liposomes 
(closed spherical lipid bilayer vesicles) to ethylene 
glycol, gilycercl, and erythritol were studied as a function 
of temperature and of fatty acid composition, the activation 
energies for passive permeation were found to be independent 
of fatty acid composition (71,72). The energies were the 
same in cells as in liposomes and were consistent with the 
Calculated energy required to completely dehydrate the 
permeant molecules. The incorporation of methyl-branched, 
unsaturated, or shorter chain fatty acids reduced the 
transition temperatures and presumably increased the 
fluidity of the hydrccarbon region at any given temperature 
above the phase transition. The permeabilities of both celis 
and liposomes increased in the order of increasing lipid 
fluidity. The incorporation of cholesterol, which produces 
more ordered packing of fatty acid hydrocarbon chains, 


decreased permeability. 


A comparison has been made of the temperature 
dependence of physiological parameters, mitochondrial enzyme 
activities, and lipid phase transitions in two types of 
plants and two types of animals (33,73). Tissues from the 
rat, a homeothermic animal, and the sweet potato, a 
chilling-sensitive plant, are injured by exposure to 
temperatures below 23°C and 12°C respectively. Intact 
mitochondrial membranes from rat liver or from sweet potato, 


or lipids extracted from these membranes exhibit phase 
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transitions at these temperatures, which can be detected by 
electron spin resonance spectroscopy. Furthermore, the 
membrane—bound mitcchondrial enzymes succinate oxidase, 
succinate dehydrogenase, and cytochrome c oxidase exhibit 
discontinuities in their Arrhenius plots at these 
temperatures. These discontinuities are abolished by 
treatment with detergent, which disrupts the packing of the 
lipid into a kilayer, but not by fragmentetion of the 
membranes and destruction of the permeability barrier by 
sonication, hypotonic swelling, or freezing and thawing. The 
poikilothermic animal, the rainbow trout, and the chilling- 
resistant plant, the potato, do not show physiological 
damage when ccoled from 36°C to 19°C, nor do the 
mitochondrial membranes or lipids show phase transitions, 
nor do the mitcchondrial enzymes studied show 
discontinuities in their Arrhenius plots over this 


temperature range. 


Many other memkrane enzymes have been shown to exhibit 
lipid—dependent discontinuities in Arrhenius plots of their 
activities. In an unsaturated fatty acid auxotroph of 
E. coli, glycerol 3-phosphate acyltransferase activity 
showed a continuous decrease in the Slope of its Arrhenius 
plot above 15°C (74). Growth on the less fluid trans— 
unsaturated fatty acids increased this temperature to 20°C. 
Both 1—acylglycercl—3—phosphate acyltransferase and 


glycerol—3-—phosphate dehydrogenase showed linear Arrhenius 
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plots but, with the first enzyme, the slope was steeper in 
membranes containing trans—unsaturated fatty acids. 
Manipulation cf the fatty acid composition of membranes of 


Saccharomyces cérevisiae, either by switching from aerobic 


to anaerobic growth conditions or vice versa (75), or by 
supplementing the medium with fatty acids (76) shifts 
discontinuities in the Arrhenius plots of cytochrome c 
oxidase (75), and kynurenine hydroxylase and oligomycin- 
sensitive ATPase (76) in the directions expected from the 
effects of the fatty acids incorporated on membrane 
fluidity. Lamb kidney outer medulla (Nat+K+)—ATPase shows a 
discontinuity in the Arrhenius plot at 20°C, which coincides 
with the lipid phase transition, as detected by ESR 
spectroscopy (35). A similar effect is seen in A. laidlawii 
with Mg2+t—dependent ATPase, but not with NADH—-oxidase or p 
—nitrophenylphosphatase (77). The discontinuities in the 
Arrhenius plots of ATPase activity correlated with the low 
temperature end of the lipid phase transition, as detected 
by differential scanning calorimetry. Inhibition by F- of 
(Nat+Kt+)-—ATPase and of acetylcholinesterase of rat 
erythrocytes (78) and by Nat of (Ca2*)—ATPase of FE. coli 
(79) is also dependent on the fluidity of the membrane 
lipids. Using mutants of E. coli which are unable to 
synthesize unsaturated fatty acids, or to beta—oxidize fatty 
acids, it is possible to effect alterations in the membrane 


lipid fluidity by varying the unsaturated fatty acids 


supplied in the growth medium. A dependence of 
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beta-—galactoside and beta—glucoside transport on membrane 
lipid fluidity has been shown in these mutants. Using three 
different fatty acid supplements, breaks in Arrhenius plots 
of hbeta-galactcside transport occurred at three different 
temperatures (80). These temperatures lie at or near the 
ligquid—crystalline——>crystalline phase transitions of whole 
cells, membranes, or phospholipids, as determined by 
dilatometry, light scattering, monolayer force—area 
isotherms, or fluorescence probing. Other workers have 
examined beta-—galactoside and beta—glucoside transport in 
these mutants cver a wider temperature range, and have found 
two or three discontinuities in the Arrhenius plots (81-83). 
The lower discontinuity corresponds to the appearance of 
liquid—crystalline lipid, and the upper one to the 
disappearance cf the last of the crystalline lipid, as 
detected by solubility of the spin label TEMPO in the lipid 
phase. Between these two temperatures lateral phase 
separations of crystalline and liquid—crystalline lipid were 
postulated to occur. The exact nature of the intermediate 
transition was not clear, but its effects are seen in both 
transport systems, as well as in spin—labelling experiments. 
At the high-temperature discontinuity, lowering of the 
temperature by 1° caused a dramatic increase in transport 
rates in some cells. It was suggested that this is due to an 
increased isothermal lateral compressibility of the membrane 
lipids at the pcint where crystalline lipid first appears. A 


maximum in the rate of Nat diffusion through phospholipid 


siasdeaw. 26. esate | 
onId?, (ein sgt ldo sho cg aC 

oft yulantiel ae meh, seas ten 
ieetPyLLh, Sains) 2a nee | 


raw: 9 2059 Lennie Ewe tet 
LOTS a ey allen dala se 5 
nates) | oe vente? Posy Soles 
, aie (clea susie” eke, ms 
ised Teo “eee furans + aghon an 

“SONS Taw dia ot 
220) «Dede its te ie weet 

ae ad ‘aan wae AO abd, onlit 23 
es omnde Leded nitge #irrhe peace | 
PER ay, ae Su. lepailteaeanad OM - pasts _aeentag er 
sey sit Abeer bhp bas eudstesay 20 30 raotsnaagea’ 
ase oGws vers sitet te ox pan IDO EO eat atg930 oa Agr slognog 


‘i 


"@ 
(ed oat — ons A FMORTS | ast tod rtnots Men & 9 “doi stedex? Si 
a ; oak ie. Ri eaes sage nb, ee iiee ‘ae: jeogeys sproqaaeaa e 
; ey x iqewe? erated be Prise requ? epee od Rake 4 r. 
; expauhiod ai seaport fpewesb © hepung Of “yut- ose sean, : 
AR, ; cee buds ona pevenpipge tov, 70 ,#ite> seca te aORes : 
2 1 ets ae" ape: Be e Se Lage i eezed rome sors InKs 
e foyde tort, (1) A ii ge wide riESy. ade fH ahigth | 


ee a. BI peat: 0 eugene tab: 3p wWi6x, ods it aumiten , 


20 


bilayers has been observed at the midpoint of their phase 
transition detected by fluorescence (84). This was 
interpreted as keing due to an increased Na+ permeability at 
boundary regions between liquid and solid domains rather 
than a high -lateral compressibility with lateral phase 
separations. Additional support for the concept of lateral 
phase separations in membranes has come from the observation 
that the rate of intermixing of antigens in newly—formed 
human—mouse heterokaryons increased as temperature was 
lowered from 21° te 15°C (85). This could be due either to 
the lower area available for diffusion as islands of solid 
lipid form, cr to the remaining fluid lipid having a lower 
viscosity than the tctal membrane lipid at a slightly higher 


temperature. 


The biological importance of the physical properties of 
membrane lipid to the organism is illustrated by the fact 
that a large number of organisms have been shown to alter 
their fatty acid compositions as a response to a change in 
growth temperature in such a manner as to compensate for the 
change in fluidity that would be produced by the temperature 


shift (86-90). 
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iI Objective of this Study 


Four mechanisms by which substances cross ceil 
membranes can be defined, two of which do not require 
metabolic energy, and two of which are metabolism-dependent 
(91). Passive diffusion is an unmediated process whereby the 
permeant crosses the membrane as a result of random 
molecular motion without interacting specifically with any 
molecular species in the membrane. Facilitated diffusion is 
a saturable process, involving some type of stereospecific 
combination with a membrane component. Like passive 
diffusion, this process cannot produce accumulation against 
a gradient of electrochemical potential and is not linked to 
metabolic energy. Active transport uses metabolic energy to 
effect a change in the affinity of a specific membrane 
carrier molecule for the permeant, thereby causing its 
accumulation against a gradient. This affinity change must 
be somehow linked to the orientation of the carrier, either 
through a conformational change which translocates the 
permeant, or through a vectorial effect showing 
transmembrane asymmetry on a "shuttle—-type" mobile carrier. 
In group translocation a covalent change is exerted on the 
transported molecule such that the reaction itself results 
in the passage of the molecule through the diffusion 
barrier. It seems quite clear that most, if not all, 
mediated transport processes involve membrane proteins. A 


central question which must be resolved before acceptable 
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molecular descriptions of these phenomena can be provided is 
the nature of the functional and spatial relationships 
between the transport proteins and the membrane lipids. 
After this project was begun, data were published showing a 
dependence of active transport of sugars in E. coli on lipid 
fluidity (92,93). This implies that some component of the 
transport system undergoing a movement or conformational 


change is in direct contact with membrane lipid. 


The dependence of the rate of facilitated diffusion on 
lipid fluidity had never been examined. Three 
Characteristics which must be accounted for by any mechanisn 
postulated for this phenomenon are enhancement of flux rate, 
Saturability, and specificity. These criteria may he 
satisfied by mobile carrier molecules embedded in the 
membrane which kind permeant at one face, diffuse through or 
rotate in the membrane, then release it at the other side, 
by proteins spanning the membrane which translocate their 
permeant binding sites through the membrane by a 
conformational change, or by specialized regions of the 
membrane which provide aqueous channels through the lipid. 
These channels could still conceivably exhibit permeant 
specificity if they were lined with fixed substrate binding 
sites (94). A transport site like this, or one involving 
conformational changes, but which is embedded in a 
specialized region removed from the membrane lipid or 


surreunded by some specialized lipid species may not show a 
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dependence of transport rate on the bulk properties of the 


membrane lipids. 


In. this regard, it is informative to compare the 
effects of lipid fluidity on two types of ion—tran sporting 
antibiotics, whose effects on the K+ conductance of planar 
bilayer membranes were studied (95). Gramicidin is a hollow 
cylindrical mclecule which acts by embedding itself within 
the membrane lipid tc form a channel through the bilayer 
(96). Gramicidin—mediated potassium flux through a planar 
bilayer membrane decreases with decreasing temperature below 
the lipid phaSe transition temperature (Tc), but shows no 
temperature dependence (and therefore no dependence on lipid 
fluidity) above 5 ik ok No discontinuous change in Kt 
conductance is seen at Tc (95). Nonactin and valinomycin act 
by binding cations tc form a complex which then diffuses 
through the lipid bilayer (96-99). These antibiotics show an 
increase in K* conductance with increasing temperature above 
Tc, anda discontinuous decrease to essentially zero at the 
phase transition point (95). Adding cholesterol to bilayer 
lipid membranes (99), or decreasing the fluidity of A. 
laidlawii membranes Ly adding cholesterol or by altering the 
fatty acid compesiticn (100) also decreases the nonactin and 


valinomycin—mediated mcnovalent cation fluxes. 


the objective of this study was to determine the effect 
of membrane lipid fluidity on rates of facilitated 


diffusion. The systems used were A. laidlawii B, human 
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erythrocytes, and rat erythrocytes. With A. Jlaidlawi, the 
fluidity could be readily altered by changing the 
supplemented fatty acids in the growth medium, or by adding 
cholesterol. Since no facilitated diffusion system had been 
defined in this organism, it was necessary to characterize 
some system. The glucose and maltose uptake systems were 


investigated. 


The human erythrocyte membrane has fairly well-defined 
facilitated diffusion systems for glucose (101-104) and for 
uridine (105-107). The fluidity of the lipid region of human 
erythrocyte membranes was altered by the addition of 
anaesthetics and by Sesite ain’ other sterols for membrane 
cholesterol, and the effects on these transport systems 
fete ege With rat erythrocytes it was necessary to 
partially characterize the uridine and 3-—0O-methyl-D-glucose 
facilitated diffusion systems. Then an attempt was made to 
modify the lipid fluidity by feeding the animals a defined 
diet with various fatty acid supplements added, and the 


effects of the modifications on transport determined. 
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CHAPTER If 


GENERAL MATERIALS AND METHODS 


Chemicals 


Growth medium for Acholeplasma laidlawii was prepared 
from Difco Bacto-Tryptose (Difco Laboratories, Detroit, 
Michigan). Large quantities having the same lot number were 
purchased at a time, as it was found that the organism 
frequently required several weeks to attain optimal growth 


after changing to a different lot of tryptose. 


Fatty acids were obtained from Analabs, New Haven, 
Connecticut, 0. .S. A., or froa Nu-Chek-Prep, Elysian, 
Minnesota, U. S. A. The fatty acid methyl esters used as 
standards for GLC were also from Nu-Chek-Prep. Cholest-4-en- 
3-one was obtained from Fluka AG, Chemische Fabrik, 


Switzerland. 


Tripalmitin, tristearin, and safflower oil were fron 
the Nutritional Biochemicals Corporation, Cleveland, Ohio, 


U. S. A. 


Pyruvic acid, ADP, NADP, and PEP were purchased from 
the Sigma Chemical Company, St. Louis, Missouri. ATP, 
inosine, and uridine were from Raylo Chemicals Limited, 


Edmonton, Alberta, Canada. I—glucose and 3—O-methyl glucose 
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26 
were from Calbiochem, San Diego, California, U. S. A. 


Radioactive sugars and nucleosides were purchased from 
either New England Nuclear, Dorval, Quebec, Canada, or ICN, 
Irvine, California, U. S. A. [3H}Phlorizin was from New 
England Nuclear, and [3H]}—phloretin was a gift from Dr. I. 
Benes, Czechoslovak Acadeny of Sciences, Prague, 
Czechoslovakia. [%t*C]}-Uridine was labelled in the 2 
position, 2—deoxyglucose in the 1 position, 3-O-methyl 
glucose on the methyl group, L-glucose in the 1 position, 
and maltose, sucrose, and D—glucose were uniformly labelled. 
{ 37H }]—Phlorizin was generally labelled at exchangeable 


hydrogens. 


Unlabelled phloretin and phlorizin were both obtained 
from K&K Chemicals (now a subsidiary of ICN), and procaine- 
HCl was from Matheson Coleman and Bell, Norwood, Ohio, 


U. S. A. 


6-[ (2—Hydroxy-5-nitrobenzyl)thio]guanosine (HTG) was a 
gift from Dr. A. R. P. Paterson, Cancer Research Unit, The 
University of Alberta, Edmonton, Alberta, Canada. 
Methylarsine oxide was a gift from the Vineland Chemical 


Sales Corporation, Vineland, New Jersey, U. S. A. 


Alumina (Woelm Alumina Neutral TLC) was from Waters 
Associates Inc., Framingham, Massachusetts, U. S. A., Unisil 
(250-325 mesh) from the Clarkson Chemical Company, Inc., 


Williamsport, Pennsylvania, U. S. A., Biosil HA (200-325 
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mesh) from BioeRad Laboratories, Richmond, California, 
U. S. Aw, and silica gel G from Brinkmann Instruments Ltd., 


Toronto, Ontario, Canada. 


Organic solvents were reagent grade, obtained from 
Baker Chemicals through Canlab, Edmonton, Alberta, Canada. 
Contaminants in excess of the specifications were 
occasionally seen, so spot checks on the purity of solvents 


were run by GLC. 


All other chemicals used were reagent grade, obtained 


from Canlab or frem Fisher Scientific, Edmonton, Alberta, 


Canada. 


Biological materials 


Enzymes: Hexokinase (Sigma type F-300 Sulfate-free) and 
gilucose-6-phosphate dehydrogenase (Sigma type XV) were 
purchased from the Sigma Chemical Company. Pronase was from 
Calbiochem, and trypsin from Mann Research Laboratories 


Inc., New York, New York, U. S. A. 


Blood: Fresh (less than 1 week old) human blood was obtained 
from the Red Cross Society Blood Transfusion Service, 
Edmonton, Alberta. 450 ml of blood were collected in 63 nl 
of CPD (citrate-phosphate-dextrose) solution containing 
0.206 g of anhydrous citric acid, 1.66 g of trisodium 


citrate dihydrate, 0.14 g of sodium biphosphate and 1.61 g 
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of dextrose. 


Organism: A. laidlawii, strain B (formerly Mycoplasma 
for several years by daily transfer of small innocula to 
fresh growth medium. The organism was originally obtained 
from G. ff. Edward (Wellcome Research Laboratories, 


Beckenham, Kent, England). 


Rats: Female Sprague-Dawley rats were obtained from the 
Health Sciences Animal Center at the University of Alberta, 
immediatly after weaning (age = 3 weeks). Blood was 
collected in 20 ml of buffer (150mM NaCl, 5mM sodiun 
phosphate, pH=7.4, 0.8% trisodium citrate dihydrate) after 
decapitating the animals. To obtain as much blood as 
possible, 15 psi of negative pressure was applied to the 
neck of the decapitated rat's body, using a funnel and 
suction filtration flask, while continuously washing the 
blood down into the flask with blood collection buffer from 


a wash bottle and stirring. 
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Lipid extraction and purification 


Lipids were extracted from A. laidlawii suspensions or 
from erythrocyte ghosts by the method of Bligh and Dyer 
(108). The material was extracted twice with 
chloroform:methanol:water 1:2:0.8 (vsv:v), centrifuging each 
time for 15 min at 13,000Xg and retaining the supernatants. 
To 380 ml of pooled supernatants were added 100 ml of 
chloroform, 100 ml of water, then 200 ml more of chloroforn, 
shaking after each addition. This mixture was centrifuged 
for 15 min at 13,000Xg, producing two liquid phases with 
denatured protein at the interface. The upper phase and the 
protein material were aspirated and discarded, and the lower 
chloroform layer was evaporated to a small volume. This was 
then applied to a column of 5-10 g of Biosil—HA silicic acid 
in chloroform, and the column eluted with 100 nl of 
methanol. This elution recovered all the lipid material, 
while protein and other non-lipid contaminants were retained 


on the column. 


Fatty acid analysis 


Fatty acids present in the extracted lipids were con- 
verted to their methyl esters by acid-catalyzed trans- 
esterification. The lipid extract was taken to dryness in a 


screw-cap glass tube with a teflon cap liner under a stream 
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of nitrogen, then 10ml of methanol and 5 drops of 
concentrated sulfuric acid were added. These tubes were 
tightly capped and incubated at 70°C for 2 hr, then the 
contents were added to 20 ml of water in a 125 ml separatory 
funnel. This _mixture was extracted twice with 10 ml of 
hexane and these extracts dried by passage through anhydrous 
sodium sulfate. After evaporating the solvent under nitrogen 
to a very small volume, the fatty acid analysis was 
performed by GLC (gas-liquid chromatography) on a 6 ft by 
1/4 in column of 10% diethyleneglycol succinate on Anakronm 
60/70 AS mesh. Conditions for individual analyses are 


described with the results. 


Radioactivity counting 


Radioactivity was determined by liquid scintillation 
counting, using a Beckman LS—200B counter. Samples were 
counted either as a 1ml aqueous solution in 10 ml of 
Aquasol, or were dried on 2.3 cm Whatman No. 3 filter papers 
and counted in 10 ml of toluene containing 4 g/l of 
Omnifluor (New England Nuclear). After applying 0.2 ml of 
sample to the filters, supported by straight pins, they were 
dried overnight at room temperature, then at 110°C for 
30 min before counting. Aqueous samples were corrected for 
quenching by the external standard ratio. Curves of counting 
efficiency vs external standard ratio were constructed by 


counting a series of vials containing the same amount of 
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radioactive material and varying amounts of the quenching 


material (hemoglobin or TCA). 


Paper chromatography 


Chromatography was carried out at room temperature in 
the descending mode on 18 in X 22 in sheets of Whatman No. 1 
paper. Samples were applied 3.5 in from one end, at least 
2 in apart. For radioactive materials, profiles of the 
distribution of counts on the paper were obtained by cutting 
a 4 cm wide strip from the paper centered at the applied 
spot, then cutting this strip into 2 X 2 cm squares and 
counting each two adjacent squares together in 10 ml of 
toluene-Omnifluor. Reducing sugars were stained by spraying 
with saturated silver nitrate in aqueous acetone (Mix 0.5 ml 
sat. aq. AgNO3 with 100 ml acetone, then add water dropwise 
until clear.), then with 2g of NaOH in 100 ml of 90% 
aqueous ethanol. 2-—Deoxyglucose was visualized by spraying 
with 1% boric acid in 90% aqueous methanol containing 1% 
HCl, then heating -1-3 min at... %009-105°C.. Atter: ithis 
treatment, the 2-deoxyglucose spots exhibited a purple 


fluorescence when viewed under short-wave UV light (109). 


Conditioning of dialysis tubing 


Dialysis tubing (Arthur H. Thomas Co., Philadelphia, 


Pennsylvania) was conditioned before use by boiling for 


5 min in 5% sodium carbonate, containing 50mM disodium EDTA, 
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then stretched by pulling longitudinally while applying 
pressure with the tap (110). After thorough washing, the 


tubing was stored in 50% aqueous ethanol at 4°C until used. 
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CHAPTER Iil 


ee re rn a a eee OS ae Se we 


Acholeplasma laidlawii B is an organism which is 
uniquely suited to the study of biomembrane structure and 
function. It has” no cell wali and only one type of 
nembrane—the plasma membrane (ATT). o fhe: “hatiy, lacrd 
composition and thus the phase transition temperature of the 
membrane lipids can be significantly and reproducibly 
altered by varying the fatty acids added to the growth 
medium (10). When grown in the absence of sterols, the 
membrane contains no cholesterol, but cholesterol can be 
incorporated to a level of up to 8% (by wt.) of the membrane 
lipids by adding up to 25 mg of cholesterol per 1 of culture 
to the growth medium (112). Because of the absence of a cell 
wall, the cells can swell and shrink as a response to the 
osmotic pressure of their environment. This allows transport 
by a suspension of cells in an isotonic solution of permeant 
to be followed by monitoring the changes in light absorbance 
produced by swelling of the cells as they are penetrated by 


permeant (71). 


The passive permeability of this organism to ethylene 
glycol, glycerol, and erythritol has been studied as a 
function of fatty acid composition and cholesterol content 
of the membrane (71,72). Significant differences were seen 


in these passive permeabilities with different growth 
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conditions. An increase in fatty acid chain length, an 
increase in membrane 2 decrease in unsaturation 
or the substitution of trans for cis double bonds all had 
the effect of reducing permeability. This is as would be 
expected from the physical properties of these lipids, and 
the data verify the contention that significant alterations 
in membrane fluidity occur in a predictable manner with 


variations of the lipid composition of the membranes. 


The mediated transport systems in A. laidlawii have not 


been as extensively characterized as in some other organisms 
for a variety of reasons. This organism is more difficult to 
culture than more extensively studied organisms like E. 
coli. The lack of a cell wall, while advantageous for 
assaying permeability by swelling rates, also makes it more 
difficult to separate cells from medium by Millipore 
filtration in order to carry out radioisotope tracer 
studies. The small size of the celis (500nm diameter (113)) 
results in a large surface area/volume ratio and a small 
intracellular volume. This makes preloading of the cells 
with a significant amount of radioactive compound more 
difficult and increases the significance of binding of 
permeant to the cell surface. It also creates problems in 
sampling at early enough times because of the limited 
capacity of the intracellular compartment compared to the 
surface over which transport occurs. Osmotic lysis of A. 


laidlawii cells results in the formation of very leaky 
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structures (114), so it has not been possible to use sealed 
membrane vesicles which have been very useful in the study 
of transport in E. coli and other bacteria because of the 


absence of cytoplasmic enzymes from these vesicles (91). 


An accumulation of K+ by active transport has been 
shown in A. laidlawii (115,116). Cirillo and Razin refer to 
unpublished evidence for glucose uptake by facilitated 
diffusion in A. laidlawii, but the nature of the evidence is 
not described (117). Tarshis and co-workers have reported 
that glucose, fructose, and maltose are taken up by A. 
ldaidlawii by active transport systems having rather high 
affinities for these sugars (118-120). Their interpretations 
of the data, however, are subject to several criticisms, 
particularily in light of some of the results to be 


presented here (See appendix 1 for discussion). 


It was necessary to find a facilitated diffusion 
system, so that the effect of lipid fluidity on it could be 
determined. We decided to look at the uptake of glucose and 
of maltose, since these two sugars can serve as energy 


sources for the organism (113). 
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Avo haidlavei--B cells were. grown at) 35°C in a fatty 


acid—supplemented, lipid—poor growth medium aS described by 
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McElhaney and Tourtellotte (121). For 6 1 of media, 120 g of 
Difco Bacto—-Tryptose were dissolved by heating in 1.2 1 of 
water, then cooled, acidified with 48 ml of concentrated 
HCl, and extracted twice with 300 ml of chloroform to remove 
nOsOe Of) the -flipids After sadding water to 6,1, (22.2¢ tris; 
and 16.8g NaOH, and adjusting the pH to 8.0-8.2, the medium 
was autoclaved to drive off the dissolved chloroform. Before 
innoculating, 10 ml of sterile 25% glucose solution, 500,000 
units of penicillin, 40 ml of 10% fatty acid—poor BSA, 
sterilized by filtration through a Seitz filter, and a total 
of 0.12 mmoles of fatty acid supplement! dissolved in 2.4 ml 
of ethanol were added per 1 of medium. A mixture of palmitic 
acid (16:0) plus an unsaturated fatty acid was used in 
proportions such that the unsaturate was approximately 50% 
of the total fatty acids and the palmitate was approximately 
40%. When cholesterol was present it was added as a 1% 
ethanolic solution containing the fatty acids to the level 


of 24 mg of cholesterol per 1 of mediun. 


Liposome formation 


After extraction and purification by column 
chromatography on silicic acid of lipids from cells, 
liposomes were prepared by a modification of the method 
outlined by De Gier et al. (122). Lipid extract in 


1see appendix 3 for fatty acid nomenclature and 
physical properties. 
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chloroform was added to a tared culture tube and the solvent 
removed under a stream of nitrogen. The lipid was dried 
overnight in vacuo, then the tube was reweighed. A 1 cm 
diameter glass bead and 0.05 ml each of 100mM KC1 and 100mm 
MgSO4 per mg of lipid were added and the lipid was dispersed 
by vortex mixing, keeping the temperature between 30° and 
40°C. For swelling experiments, the liposome suspensions 
were diluted, if necessary, with 50mM KCl + 50mM MgSO4 to 


obtain the desired optical density. 


Swelling rates 


Swelling of celis induced by uptake of permeant was 
followed by monitoring the absorbance at 450nm of a cell 
suspension (71). The validity of reciprocal absorbance as a 
measure of cell volume was determined by plotting this 
parameter vs the reciprocal of the concentration of sucrose 
in which cells are suspended. These cells have been shown to 
behave as ideal osmometers, that is, to show an inverse 
dependence of cell volume on the osmolarity of the 
suspending medium (R. N. McElhaney, personal communication). 
Since sucrose is a non—permeating substance (123), a linear 
relationship would verify the validity of the swelling rate 
assay of permeation. For measuring absorbance, a Zeiss PM 
QII spectrophotometer and M4 QIII monochrometer equipped 
with a thermostatted cell compartment and built-in magnetic 


stirrer was used with a 2 cm path length cell. For some 
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determinations a water—jacketed cuvette was used, which was 
see built by Acadian Instruments Ltd., Don Mills, 
Ontario, Canada. Cells were suspended in 200mM sucrose, and 
the swelling was initiated by rapidly adding 0.05 or 0.1 ml 
of this suspension to 4.5 ml or 7.5 ml of a 200mM solution 
of permeant in the cuvette while stirring. The transmittance 
of light was continuously recorded on a Beckman model 1005 
10 inch recorder, connected to the spectrophotemeter through 
an adjustable ballast potential which allowed a 1mV input to 
the recorder to be matched to a 10mV output so that the 
full—scale chart deflection read from 50% to 60% 
transmittance. Initial slopes of the curves of % trans- 
mittance vs time and initial values of % transmittance were 
obtained from the chart and these were converted to a 
swelling rate with the dimensions {1/(1/A)}X{d(1/A) /dt} in 
(1/hsec)! by the following calculation: 


veyed (IZA) a (ST) x 43.43 


(1/38) dt in (1/hsec) -— dt in (1/min) %TO (2-Log%To) 60 
where A=Absorbance at 450nm, %T=% Transmittance at 450nn, 


%To=initial % Transmittance. 


Cells were grown with elaidic acid (18:it), oleic acid 
(18:1c), or linoleic acid (18:2cc) plus the appropriate 
amount of palmitic acid (16:0) in the presence or absence of 
cholesterol, and swelling rates in D-glucose and in 
ithe rate of change of reciprocal absorbance is divided by 


(1/A) to normalize small differences in initial absorbance. 
1 hsec (hecto—second) = 100 sec. 
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erythritol were determined at various temperatures. Swelling 
rates were also determined in the same way using a variety 
of other sugars, D-glucose analogs, and polyhydroxy 
compounds as permeants. In some cases various high-energy 
compounds or inhibitors were present in the permeant 
solutions, in the cell suspensions, or in both. Where 
concentrations of permeant other than 200mM were used, 
osmotic balance was maintained by the addition of sucrose. 
In order to determine the effect of pH on swelling rates 
With glucose and erythritol, the cell suspensions and the 
permeant solutions were made up using the following buffers 
at a concentration of 25mM as solvents: formic acid/Na0OH, 
pH=4.0; acetic acid/NaOH, pH=5.0; hydroxylamine hydro- 
chloride/NaCH,  pH=6.0 or 7.03 tris/HCl, pH=7.0, 7.28, 7.43, 
FoOO ny Miah Oes Os0 pe Or a0 6352 glycine/HCl, pH=9.9; and 


D,L—alanine/HCl, pH=10.0. 


Photomicrography 


Unfixed suspensions of cells in growth medium or in 
200mM sucrose were photographed with Kodak No. 4166 
RoyaloXrPan (films: (ASK=1250),;, using “an “Ameracan ‘Optical 
Series 20 microscope equipped with a high intensity quartz- 
iodine illuminator, a No. 1067 lens and shutter assembly, a 
No. 1055 cut film camera back and a No. 1066 Photostar 
exposure meter. Photographs were made using phase contrast 


with the 100X oil-immersion objective. The illuminator was 
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set on maximum intensity without filters and a shutter speed 
of 1/30 or 1/60 sec was used. A stage micrometer, ruied in 
divisions of 0.01mm was photographed to determine the final 
magnification on the photograph. To determine the diameters 
of cells, several photographs were chosen and every focussed 
cell on the print was measured, using a 7X magnifier with a 


built in 10mm scale, graduated in tenths of a mn. 


Differential thermal analysis 


Differentiai thermal analysis was carried out ona 
DuPont 900 Thermal Analyzer using glass macro tubes with 
glass beads as a reference material. Analyses were done at 
the highest instrumental sensitivity at heating rates of 
3-10 C° per min. Cooling rates of up to 10 C°® per min could 
be obtained by circulation of nitrogen gas, chilled by 
passage through a copper coil immersed in liquid nitrogen, 
through the differential thermal analysis cell. Membranes 
were prepared by osmotic lysis of cells in distilled water 
and collected by centrifugation in a Beckman L2—65B 
ultracentrifuge at 30,800Xg for 60 min. The pellet was 
resuspended in distilled water and centrifuged again at 
110,000Xg for 60 Sins then the packed membranes were 
transferred to a DTA sample tube using a Pasteur pipet. This 
sample tube was spun at top speed for 3 .min -in an 
International Clinical Centrifuge to insure that all air 


bubbles were removed and that the membranes were tightly 
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packed. Aqueous dispersions of column-purified total 
membrane lipid were prepared by adding a 4-fold excess (w/w) 
of distilled water to a thin film of lipid, previously dried 
overnight under vaccuum, followed by vortexing with several 
glass beads. This suspension was added to sample tubes and 
packed by centrifugation before analysis in the same manner 


as the intact membranes. 


Radioisotope tracer flux experiments 


Cell suspensions and permeant solutions were made up 
using tris-buffered Bacto-Tryptose solutions (pH=8. 2) 
containing 4g/1 of fatty acid-poor BSA, or 10mM tris—HCl or 
potassium phosphate, pH=7.4, containing 10mM MgC12 plus 
sucrose or NaCl to a tonicity ef 150 to 300 mosm*. Cells 
were harvested in late log phase (Absorbance at 
400nm = 0.5-1.0) by centrifugation for 20 min at 7000Xg ina 
Sorvall RC-—2B or RC-—3 centrifuge, then washed 3-4 times in 
the buffer used in the experiment before carrying out 
permeability measurements. "Quench" solutions for stopping 
permeation contained 0.15mM phloretin dissolved in the 
buffered saline solution used for suspending the cells, or 
in 100mM MgSO& plus 10mM tris, pH=7.5. To measure flux 


rates, cell suspension was added ac Zero time te 


radioactively labelled permeant solution, or vice versa, in 
1Osmolarity = Molarity xX number of independent particles 


produced per molecule in solution. 


te 


i 


:s sesamiae vce ai te 


.¥ ™ a pine 

at | 

1 oTov Shoay ieee Seeman: | 

cathy Oy MMT ae 
Lak Preah 


‘ 7) Her EO: 
mio wis Mi DIP ed a! 


t (oz fi wah. pakke pio ie 7 : 
. Ta at ; ah es i 
aie a om pomeioned = 


i hides mye asad, nang ott a “pon denbedn Sig = 
| fe Dice titeisde titsen, wiinbewt | 
a a } tig tonne ay a tg weet 1. Deakasuepi, sot tm 

nore icon “sr? a tnahaml, FON bent! so toahas. oa hem haasRud | 7 
“wt 2 Sean e sy 50% ‘tay ae weet aire egepal” wa00r oo i. 
Yoo a ey sig ie | hae pat  opbansdie Kiso qeates ne 


DP iaeaee sais 3f 1 <SsalioR saunas * fovtte soba re 


ne 1208 wh Piosedh # 
ciate 


ite}? 
a 


42 


a water-jacketed test tube maintained at the desired 
temperature . Aliquots of the reaction mixture were taken at 
the desired times, using either a Gilson Pipetman or a 
Fisher Scientific No. 13-687 automatic pipet, and added to 
3 ml of ice cold quench solution. The volume dispensed by 
the automatic pipet was determined by measuring the 
absorbance at 600nm of a solution made by dispensing a 
standardized solution of buffalo black 10B into 10 ml of 
water. The quenched aliquots of reaction mixture were 
immediately filtered on 47mm diameter, 0.45 or 0.65 micron 
millipore filters at 15 psi negative pressure and the 
filters were washed with four 3 ml aliquots of ice cold 
quench solution. They were then folded and placed in 
scintillation vials while still wet. After drying at room 
temperature overnight, then in a 119° oven for 30 min, 10 ml 
of toluene-Omnifluor were added to each vial for 
radioactivity counting. Further details of individual 


experiments are given in the figure legends. 


Binding measurements 


Binding of [{3H]—phloretin to A. laidlawii was measured 
by equilibrium dialysis, using Bel Art model 260 1 ml micro 
dialysis cells. To one side of each cell was added 0.6 mi of 
A. laidlawii suspension in 145mM sucrose, 10mM MgSO4, 20 mM 


tris, pH=7.5. The suspension had an absorbance at 400nm of 


23. The other sides of the cells contained 0.6 nl of 
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{ 7H }]-phloretin in buffer, with unlabelled compound added to 
bring the final phloretin concentration after equilibration 
across the membrane to 10, 30, 56.7, or 120 micromolar. 
Dialysis was carried out at room eeaoecetnee on a horizontal 
shaker for 2 hr-in duplicate in the presence and absence of 
50mM D-glucose. The attainment of equilibrium within this 
time was verified by adding labelled phloretin to one side 
of a dialysis cell, then monitoring radioactivity present in 
of the dialysis period, duplicate 0.2 ml aliquots were taken 
from each side of each cell and dried on 2.3 cm Whatman No. 
3 filter discs, then counted in 10 ml of toluene-Omnifluor 
after drying at room temperature overnight, then at 110°C 
for 30 min. The specific activities of the [3H}-phloretin 
solutions were determined by counting on Whatman filter 
discs. Cell suspension was added to the filters containing 
aliquots from the non-cell sides of the dialysis membranes 
or to those with [3H]-phloretin only in order to make any 
radioactive quenching due to the A. laidlawii cells 


reproducible. 


To measure [{ 3H]—phlorizin binding, cells were separated 
from the suspension by centrifugation. This gave data 
equivalent to those obtained by dialysis. Binding assays 
were carried out in 1 cm X 7.5 cm Kimax tubes. To each tube 
were added: 0.4 ml of cell suspension (absorbance at 400nm = 


74.2) in growth medium without added BSA, penicillin, or 
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glucose; 9.2 ml of [3H]}Phliorizin in growth medium; and 1.0 
ml of unlabelled phlorizin such that its final concentration 
Mas HO503.3:5.80. 155 O850, 71450, * sor 5.0mm. After mixing the 
contents of the tubes, duplicate 0.1 ml aliquots were taken 
onto 2.3 cm Whatman No. 3 filter discs. The cells were then 
separated from the medium by centrifugation at 12,000Xg for 
5 min and duplicate 0.1 ml aliquots of each supernatant 
counted on Whatman filters. One tube contained [1!*C]—sucrose 
instead of { 3H]—phlorizin in order to assess the 
Significance of the excluded volume which was occupied by 
the cells themselves. Each determination was done in 


duplicate, in the presence or absence of 50mM D—glucose. 
Analytical procedures 


Protein assays: Protein concentration of cell suspensions 
was determined using the sensitive Biuret method described 
by Koch and Putnam (124), using Sigma Fraction V crystalline 
BSA as a standard. Duplicate aliquots of cell suspension 
containing approximately 4 Absorbance units! of cells were 
added to 30 ml corex centrifuge tubes, and suspending buffer 
was added to 0.25 ml. To each sample was added 0.75 ml of 
Biuret buffer (4.6 M NaOH, 1.5% (as NH3) NH4OH) or copper 
reagent (2.5g cCuSO4e5H20 per 1 of Biuret buffer). The 
samples were mixed by vortexing, then heated for 5 min ina 


11 Absorbance unit is defined as 1 ml of suspension having 
an Absorbance at 400nm of 1. 
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boiling water bath. After adding 4 ml of buffer or copper 
reagent and vortexing again, samples were incubated at room 
temperature for 30 min, then absorbance at 330nm was 
determined. The protein concentration is proportional to 
absorbance in the copper reagent minus absorbance in the 


buffer. 


Determination of phospholipid phosphorus: After quantitative 
lipid extraction by the method of Bligh and Dyer (108) and 
purification on silicic acid columns, the lipid extract from 
about 0.4 Absorbance units of cells was added to a 2.5 cm X 
20 cm tubet and the solvent was removed under a stream of 
nitrogen2. Phosphorus was then estimated by the method of 
Chen et al (125). Four drops of concentrated sulfuric acid 
were added to the residue and the tube heated with a Bunsen 
burner until white fumes just appear. Two drops of 72% 
perchloric acid were then added and the samples heated until 
clear. After adding 3.95 ml of water plus 4 ml of freshly 
prepared reagent C (0.5% ammonium molybdate tetrahydrate 
plus 2% ascorbic acid in 1.2 N sulfuric acid), tubes were 
covered with parafilm and incubated at 37°C for 90 min. 
Absorbance at 820nm was read on the Spectronic 20 
colorimeter, uSing the red filter and red-sensitive photo- 
multiplier. 


iThis large size of tube was found to be most convenient to 
prevent loss of material by spattering during ashing. 
2Incomplete removal of solvent results in explosion during 
the oxidation step. 
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Cholesterol assay: The total dry weight of lipid in a 
silicic acid-purified extract was determined by adding 
extract to a tared tube, then removing solvent under a 
stream of nitrogen and under vacuum overnight and 
reweighing. Cholesterol content was assayed by a 
modification of the Liebermann-Burchard method (126). The 
reagent was prepared by mixing together 150 ml of glacial 
acetic acid, 300 ml of acetic anhydride, 50 ml of 96% 
sulfuric acid and 10g of anhydrous sodium sulfate in an ice- 
water bath, allowing the flask to come to room temperature 
and shaking until the sodium sulfate dissolved. The solvent 
was evaporated under nitrogen from lipid containing 
approximately 0.25mg of cholesterol in a screw-capped glass 
tube with a teflon cap liner. After adding 0.1 ml of acetic 
acid and shaking, then 5 ml of reagent, the tube was capped, 
Shaken vigorously and placed in a 25°C water bath. The 
absorbance at 632nm was read on the Spectronic 20 


colorimeter after 25—30 min. 


incubation of cells with the radioactive metabolite for the 
desired length of time, an aliquot of the reaction mixture 
containing about 80 absorbance units of cells was added to 
18 ml of ice cold quench solution and immediatly filtered on 
6—47mm, 0.65 micron millipore filters under 15 psi negative 


pressure. The filters were quickly washed four times with 3 


€ 


a 


i = aoe suid thea bane elanglay otew canna women" 


ee wad iil a. * “heoadg “Bast vigueropiy: 


om heniiins selenite hiilae, domed ede 9p taeda: votabe ston a 
DAG Pe tet iss Ci nbp aan ia, ‘pot susie. conepy bLon fot Re la ‘ef, 


bi Dat, 22 ee 
GdE hha Wage onsen etlglane 
a pape: 


Leite hal ritoakbl: shone sas. 
ee a dita rotimw 
ssa ti in sé vow ane re: ae Seeeniintons mosuniie 
Tome easbna weap, ey noes a 
sbdodek eae ee Lene : p hehe 2 ie wpnkipde Bi 


> bit take, 20 i hao ame; ante: (ag -wonsdzie 


pty “itn MEPs tetris » reroanea, | 


ad | x ae ; | a r 
aude) rive this eine selina tata: do schionsiak 
cite PLA it oak 2 canton ad das hw aileo to. no ksndurad. | 


Meta: Lys ree nee Tat rh yeuks te TEAR: Anateet ‘ 


Btiabery at ff tes int a agit at dgeqght tie novate 8.0 Te 7 Kp ‘ 


e;'+9 


~f 7 ie mt | 
I a 5 ‘ « Ty, ‘ 


47 


ml aliquots of ice cold quench, then frozen in liquid 
nitrogen. The frozen filters were added directly to 20 ml of 
boiling distilled water and boiled for 5 min, then the 
extracts were transferred to 125 ml flasks, rinsing the 
filters twice with 5 ml of water. These extracts were 
lyophilized to dryness, then the residues were taken up in 2 
ml of water and transferred to 1.8 X 15 cm test tubes, 
rinsing with 1 ml of water and again lyophilized to dryness. 
The final residue was taken up in 0.15 ml of water with 
warming, then 0.05 ml of acetic acid was added and 
precipitated material was centrifuged out with the clinical 
centrifuge at top speed for 5 min. As much of the 
supernatant as possible, avoiding excess salt (about 0.05 
ml), was spotted on Whatman No. 1 filter paper for chrom- 
atography. The amount of insoluble radioactive material was 
determined by washing the filters under the tap, then 
folding and inserting them in a scintillation vial. After 
drying overnight in vacuo, radioactivity in the filters was 


counted in 15 ml of toluene-Omnifluor. 


Fatty acid analysis: The fatty acid compositions of whole 
lipid extracts of cells were routinely determined by gas- 
wignald chromatography after acid-catalyzed transester- 
ification, as described in Chapter II. Chromatography was 
carried out on a 6 ft by 1/4 in column of 10% diethylene- 
glycol succinate on Anakronm 60/70 AS mesh using helium as 


thetycarr#er gaspowithica flow tfatecrof 75cc/min. The 
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temperature program consisted of an initial 4 min isothermal 
period at 160°C,  foliowed by an intrease to 200°C at 4 
C°ymin and a sufficient isothermal period at 200°C to elute 


all material from the column. 


III Results 


Relationship of absorbance to cell volume 


The validity of the assay of permeation by rate of 
change of reciprocal absorbance is, dependent on the behavior 
of the celis as ideal osmometers whose volume is inversely 
proportional to the osmolarity of the medium, and on the 
linear relationship between cell volume and reciprocal 
absorbance. As shown in figure 1, these relationships are 
borne out by the response of absorbance to variation in the 
sucrose concentration of the suspending medium. The slight 
departure of the plot from linearity at low sucrose 


concentrations (40mM) may be due to cell lysis. 


Effects of inhibitors on swelling rates 


The effects on swelling rates in solutions of various 
permeants by the inhibitors tannic acid, or phlorizin, or 
its aglucone, phloretin (figure 2) present in the permeant 
solutions are shown in Table I. These results are not 
strictly comparable to each other, because differences in 


fatty acid composition and temperature will produce 
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Figure 1. 


1/[SUCROSE] (M") 


Effect of Osmolarity on Absorbance. 
0.05 ml of a suspension in 200mM sucrose of 


Acholeplasma grown in the presence of 16:0418:1t 
were added in triplicate to 5 ml of sucrose at 
various concentrations and the absorbance of the 
resulting suspensions at 450nm read with the 
Spectronic 20 colorimeter. 
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Chemical Structures of Trans 
Permeants. 
1-Fluoro-2,4-dinitrobenzene 
sulfhydryl, imidazole, and 
groups. 


Figure 2. 


phenolic 


port Inhibitors and of 


can react with amino, 


hydroxy 


Saas, i ey 


aot = ies” 


* - — : 2 ‘ 
i ones wer Paak 


iv! shee aa 
a, ittne ar | Me 
: +6) 43 \@ » ¢ I - Ay ie uk 
‘ ; i i aN a J ‘ i _ ek »* 
: = Bcd “ LM A ee ct Ea nt oy 
7 ¢ \ ail) 4) iD re yy 


5h 


“UOFITFQFYUT 
queozed st eTqe ey Fo Apog euL ‘swNT_peu yIMOAZS dy 02 peppe e10M 2eYI SpfToe A}ReJ SYR pue ‘pernseoM 
SeM ZUTTTOMS YOTYM Je sAnjeredwse} 94} ‘(WWOOT Je JUeseid) pesn Queowred ay. seATS uwNTooO pueYy-IFeT sUL 


° °9T?8T/0:9T 
— —— L9 IoTE ToaTsoutohy 


ae Dol€ F1?8T/0:9T 
ae /, eSsoonTDH-d-TAYIPI-0-€ 


9 9 9 297?81T/0:9T 
258 26€ 258 IoSZ BPSOONTZAx0aG-Z 


F 997: 8T/0:9T 
—— = 0747 C= Ioly TOIFqt0g 


| : 297: 81/0:9T 
Saal = wL6 4 Qoly esoonTo-d 


TOreSaTOYD + 21:8T/0:9T 


—s “ne 19% es nc sedece 
= “25 “EL Z00T a ee ee 

“EI ~ * 201 “61 “8E ee Bhi 

4001 “e% 4001 “001 epee te Ses 
UFZEAOT YA WO *Z UyZTaoTUd WWZ°Q = UFIeATOTUd WHZ*0=—s«C«— FO OTUUeL YZI0°O | suo; Ppuog Aessy 


pue juesuieg 
SaLVa ONITIAMS NO SYOLIGIHNI dO SLOaAdg 


I WIdvi 


ee 


asy Qnkliiowe doidw ta syeteteqnes odd 


es 


a2 


different degrees of membrane lipid fluidity, thus the 
relative contributions of passive flux to the swelling 
measured may vary. Nevertheless, it is clear that both 
phloretin and phlorizin cause a very significant inhibition 
of swelling in D-glucose, but have little effect on 
erythritol flux. It is also seen that phloretin is a more 
potent inhibitor than its glucoside, phlorizin, and that 
tannic acid seems to cause some general disruption of the 
membrane which affects all permeabilities. The inhibition of 
D—glucose- and L—glucose- induced swelling of Acholeplasma 
laidlawii are shown as a function of phloretin concentration 
in figure 3. The fluxes of both permeants are inhibited by 
micromolar concentrations of phloretin, with L—glucose 
showing a greater susceptibility. If it is assumed that D- 
and L-glucose permeate the cells via the same pathway, this 
greater susceptibility of L-glucose permeation to phloretin 
inhibition indicates some antagonistic effect of D-glucose 
on the inhibition. Such an antagonistic effect is also seen 
by the effect of D-glucose concentration on phloretin 
inhibition of glucose flux, shown in figure 4. These results 
cannot be explained by a simple competition by phloretin 
With glucose for binding to the transport site, since 
unlabelled D-glucose bound to this site would then be 
expected to inhibit uptake of [!*C]-D-glucose as effectively 


as the same amount of phloretin bound to the site. 


The effects on swelling rates in glucose and erythritol 
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Inhibition of Swelling of A. laidlawii in D- or L- 
Glucose by Phloretin 

Cells grown in the presence of palmitic plus oleic 
acids were suspended in 200mM sucrose and 0.05 ml 
of this suspension added to 7.5 ml of 200mM D- or 
L—glucose at B1°s containing phloretin to 
determine swelling rates. Fach determination was 
done at least in triplicate. 

o—-o, L-glucose; a-a, D-glucose. 
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Figure 4. 


Effect of 0.001mM Phloretin on Uptake of 
[14C ]—D-Glucose. 

A. laidlawii cells grown in the presence 
of palmitic plus oleic acids were incubated at 
25°C with a fixed amount of [{1*C]}—D-—glucose plus 
unlabelled D-glucose to mM or 10mM in the 
presence or absence of 0.001mM phloretin. Aliquots 
were then taken and washed on Millipore filters 
with ice cold quench solution at the times shown. 


(a) CPM in cells vs time: o-—n, 1mM D-glucose; 
e—s, imM D-glucose plus 0.001mM phloretin; 
o-o, 10mM D—glucose; e-e, 10mM D-glucose plus 


0.001mM phloretin. 


(b) Difference between cpm in absence and presence 
of phloretin vs time 
o—o, tmM D-glucose; o—o, 10mM D—glucose. 
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Vv (nmoles bound / Axoo unit) 
Scatchard PLOU of Phloretin Binding to 
Acholeplasma laidjlawii. 
Cells grown in the presence of palmitic plus oleic 


acids were dialyzed against [3H]-—phloretin for 
2 hr in the absence (*—*®) and presence (o-o) of 
50mM D-glucose until equilibrium was attained. 
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of treating cells with trypsin, pronase, 1-fluoro- 
2,3—dinitrobenzene (DNFB), and N—Ethyl-maleimide (NEM) are 


shown in table II. 


The binding of [3H]—Phloretin to Acholeplasma laidlawii 
is shown plotted according to the method of Scatchard (127) 
in figure 5. This plot is based on the law of mass action 


expressed as; es ot 
~v /c=k (nv) 


where vv=average number of small ligands bound per large 
molecule, c=concentration of free ligand, 
k=association constant and n=number of binding sites 
per large molecule. The intercept on the abcissa 
gives n and the slope is —-k. 
While the precision of the data plotted here does not allow 
an exact calculation of the number of binding sites, the 
plots extrapolate to a value of the order of 107 to 108 
binding sites per cell, using a value of 109 cells per 
absorbance unit of suspension (128). The association 
constants appear to be 1 to 2 mM-!. This extremely weak 
binding and apparent large number of sites can be 
interpreted as a partitioning of phloretin into the membrane 
rather than binding at discrete saturable sites. Although a 
direct comparison of association constants or numbers of 
binding sites’ is not possible,<,it is) .evident from the 
relative positions of the regression lines that binding of 
phloretin to the cells is reduced by the presence of 


glucose. About 2/3 of the phloretin added to the assay 
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TABLE II 


EFFECTS OF PROTEIN MODIFICATION ON SWELLING RATES 


wen em’ @ @ ew e@ @ @ | @ ew Ow em @ Oem w mem @MeOOme@ @ oe Oem ew Oem @ @ em @ @ @ @ @ @ ww we wm we we we ww ow we we em om oe me 


% of Control Swelling Rate 


Treatment Used D—glucose erythritol 
0.0’mgml trypsint pin Maer PPS 
img/ml pronase}! 99% 226% 
0.5mM DNFB1 3 27% 56% 
2.0mM NEM2 4 12% —_—- 


were ere mm ew mem @ @Me@ @ @ ew DMe@e@ DO 2 @ 2M e@@ were e@ee@e@ © ee] @ em em @ OM MeO fe @ &@ @ OM @ @ we ew @ we we we = 


1cells grown in the presence of palmitic plus oleic acids 

were suspended on 200mM sucrose, then treated for 30 min at 
30°C with 0.01mg/ml of TPCK trypsin, Img/ml of pronase, or 
0.5mM DNFB. The reactions were terminated by the addition 
of 200mg of BSA to the 5.5 ml reaction mixtures, then cells 
were washed twice in a large volume of 200mM sucrose before 
measuring swelling rates at 30°C. 


2Cells grown in the presence of palmitic plus linoleic acids 

were suspended in 200mM sucrose, then treated for 20 min at 
20°C with 2.0mM NEM. The reaction was terminated by the 
addition of 3.0mm 2—mercaptoethanol and cells were washed 
in a large volume of 200mM sucrose before measuring 
swelling rates at 37°C. 


3DNFB = 1-Fluoro-2,4-dinitrobenzene. 


*NEM = N-ethylmaleimide. 
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mixture is associated with the cells in the absence of 
glucose, vs less than 1/2 in the presence of glucose. These 
values are obtained from the concentrations of free 
phloretin present at the points where 0.12mM phloretin was 
added to the assay mixture (shown on figure). A similar type 
of experiment carried out with [3H]—phlorizin showed no 


evidence of any binding of this substrate to cells. 


Effect of pH on Swelling Rates 


The effect of pH on swelling rates in erythritol or 
glucose is shown in figures 6 and 7. A rise in swelling 
rates with both permeants is seen aS pH increases within a 
physiological range, however glucose seems to show a more 
pronounced discontinuity between pH=7.6 and pH=7.8 than is 


observed with erythritol. 
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Figure 6. 
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Swelling Rates vs pH 

Cells ‘grown in the presence of palmitic plus 
€laidic acids were used to determine swelling 
rates at 20°C in buffered solutions of 200 mM 
erythritol (g—a) or glucose (0-0). 
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Figure 7. 


Swelling Rates vs pH. 

Cells were grown in the presence of palmitic plus 
oleic acids, and swelling rates were measured at 
30°C. Each point is the mean of at least three 
determinations. The error bars represent range. 
7(a)=erythritol; 7(b)=D—glucose. 


62 


8.2 


7.8 


74 


70 


(2254) 


1p__(v/) 


(V/1)P 


l 


63 
Effect of glucose concentration on swelling rates 


The swelling rate of cells grown in the presence of 
palmitic pius linoleic acids was determined at 37°C as a 
function of D-glucose concentration to see if saturability 


could be detected. The results are shown in figure 8. 


The fact that this plot does not pass through the 
origin is evidence for some saturable process involved in 
swelling, but the points do not seem to be approaching a 
plateau, even at 200mM glucose. This may indicate an 
extremely low affinity of glucose for the carrier, or more 
likely, it may be due to two superimposed parallel pathways 


for glucose uptake, one being saturable, the other not. 


Effect of high temperature on swelling rates 


Figure 9 shows the relationship of swelling rates in 
erythritol and in D-glucose to temperature, up to 60°C. A 
clear-cut difference in behavior is seen between erythritol 
and glucose. The decrease in swelling rate in D-glucose 
occuring above 45°C can be interpreted as being due to 
inactivation of some heat-labile component of the transport 
system and is evidence for the uptake of glucose by a non- 
passive mechanism. The subsequent increase at 60°C may be 
due to passive flux which becomes significant at this high 


temperature. 
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0.50 


(hsec!) 


d(1/A) 
dt 


0.25 


(1/A) 


©) 50 100 150 200 
[GLUCOSE] (mM) 


Figure 8. Swelling Rate ws Glucose Concentration. 
Cells suspended in 200mM sucrose were added to 
D-glucose at various concentrations, With sucrose 
added to maintain tonicity at 200mosM 


Passive permeation of liposomes by glucose 


To determine whether the permeation of cells by glucose 
is faster than would be predicted for passive diffusion 
through the lipid bilayer, a comparison was made of swelling 
of cells and of liposomes in Sapaheevol and in glucose. 


Permeation of liposomes can be assumed to occur by passive 
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Inactivation of Glucose Transport by “High 


Temperature. 
The logarithm of swelling rate in D—Glucose (n—n), 
or in erythritol (o-o) is plotted vs reciprocal 


of temperature (Arrhenius plot). 
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diffusion, since there is no protein present which could 
function as a carrier. The results are shown in figure 10. 
At 25°C, glucose permeates cells at about 2/3 the rate that 
erythritol does. The apparent swelling rates of liposomes 
are lower than those of cells because of differences in 
their optical properties. Nevertheless, it is apparent that 
glucose permeation of liposomes at 25°C is not 2/3 the rate 
of erythritol permeation. At 45°C, where liposomes in 
erythritol show an apparent swelling equivalent to whole 
cells at 25°C, the swelling of liposomes in glucose is still 
undetectable. Therefore glucose permeates cells at a faster 
rate than would be predicted for passive diffusion through 
the lipid bilayer, via some mechanism which is not available 


in liposomes. 


Effect of fatty acid composition on swelling rates 


Cells were grown in the presence of palmitic acid 
(16:0), plus either elaidic (18:1t) oleic (16s4e)}: 7) OF 
linoleic acid (18:2cc) so that an approximately equimolar 
amount of each supplemented fatty acid was incorporated into 
the membrane. For each experiment fatty acid compositions of 
the cellular lipids were analyzed by gas-liquid 
chromatography. Table III shows a typicai analysis. In the 
cases where cholesterol was also added to the growth mediun, 
no change in the patterns of fatty acid incorporation was 


seen. Cholesterol was incorporated to a level of about 10% 
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Figure 10. Swelling Rates of Acholeplasma laidlawii and 

Derived Liposomes in Glucose and Erythritol. : 
Cells were grown in the presence of palmitic plus 
oleic acids and a portion was suspended in 
200mM sucrose and used to assay swelling rates. 
Lipids were extracted from the remainder, 
purified, and used to form liposomes, which were 
also used to measure swelling rates. 


a—s, O-o = erythritol; e-—e, o-o = glucose 
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TABLE IIIf 


PATTY ACID COMPOSITION OF ACHOLEPLASMA LAIDLAWII LIPIDS 


—-—S 56ers SN SST Pw nm mM Pe Pm Oe Oe OPM ee Oe @ @ @ ew @ ew @ @ ww @ em we @ @ on em ow ow mw ow oe ee oe ow we oe oe oe ee oe oe 


FATTY ACIDS ADDED AS SUPPLEMENT 


16:0/18: 1t! 16:0/18: 1c2 1620/7183 2ec4 
Bir tihy Gh” ThaC Ehoayer, Bie Wousgil; pean jibe 22h the 
$350 0.9. 035 oy 
1430 8.0 6.8 4.4 
45:0 ! 0.6 0.8 0.6 
16:0 40.1 Sle eet/ 3225 
Rita 0 | 0.1 0.1 032 
18:0 : — O27 1.4 
Pet . 44.2 Ef rae 
18:1c 7* 46.0 3.5 
Te32 Gra eae 44y,u 
2031 es 1.0 -_— 
2032 — —— 1025 


were wm emmmem em ee wm ememmeorewmrmmrmoemoeoee@ em em ew m= @ mem mem Oe OMe OZ em DOO ee Oe Ome ow oOo = 


10.06mmoles 16:0 + 0.07mmoles 18:1t per 1 of medium 
20.055mmoles 16:0 + 0.075mmoles 18:1c per 1 of medium 
30.C2mmoles 16:0 + 0.11mmoles 18:2cc per 1 of medium 

418:1c and 18:1t are not resolved by conventional GLC 


analysis so it is not possible to determine whether all the 
material in the peaks is the isomer designated. 
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70 
of the dry weight of the total membrane lipid. 


Figure 11 shows the effect of fatty acid composition on 
Swelling rates of A. laidlawii in erythritol and in glucose. 
Each point on the graphs represents the mean of several 
experiments. The erythritol serves as a control to 
demonstrate that the passive permeability, and thus the 
fluidity of the bilayer, has actually been altered in the 
expected direction. The permeabilities to erythritol 
increase in the order 16:0/18:1t < 16:0/18:1c < 16:0/18:2cc, 
with cholesterol decreasing permeability in each case, 
exactly as would be predicted from the effects of these 
fatty acids on transition temperatures (10). The swelling 


rates in D-glucose increase in exactly the same order. 


Arrhenius plots of swelling rates are all linear over 
the range of temperatures studied, with the single exception 
of cells grown with palmitic plus elaidic acids in the 
absence of cholesterol. These showed a change in slope 
occurring at about 25°C (figure 12). This temperature is 
within the range of the thermal phase transition of whole 
membranes or lipid extracts of cells grown in the presence 
of these fatty acids (See next section). The heats of 
activation for permeation above the transition temperature 
obtained from the Arrhenius plots are given in Table IV. 
There is no significant or systematic fatty acid 
composSition-dependent variation of heat of activation for 


permeation of either compound. The values for glucose are 
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Figure 11. Effect of Membrane Lipid Composition on Swelling. 
Rates 


Acholeplasma laidlawii cells were grown in the 
presence of the supplements identified on the 
figure, then harvested and resuspended in 200mM 
sucrose. The swelling rates were determined when 
aliquots of these suspensions were added to a 
much larger volume of 200mM erythritol (a), or 
200mM D-glucose (b). 
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Arrhenius Plots of Swelling of 16:0/18:1t-—Grown 


Cells 

Acholeplasma Jlaidlawii cells grown in_ the 
presence of palmitic plus elaidic acids, without 
cholesterol were harvested and resuspended in 
2COmM sucrose. Swelling rates were measured in 
2COmM solutions of permeant. 


Oo—-o, D—xylose; o-a, D-glucose. 
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TABLE IV 


EFFECTS OF LIPID COMPOSITION ON HEATS OF ACTIVATION 


were em ee wm @ @ me @@@ ewe BM @ 2 ee 2 OO @ @e@ wm @ ewe @ ewe ew ew OO em we @ we @ @ @ @ @ ew ow ew we we oe a oe 


HEAT OF ACTIVATION (kcal/mole) 


ADDITIONS TO GROWTH MEDIUM ERYTHRITOL GLUCOSE 
Risvoyas:iitee, SOGMaens Of BobhraAuee 906 of «1-AbcO>% 
16:0/18:1t + cholesterol 21.4 16% 2 
VES O/185 1c AST A536 
16:0/18: 1c + cholesterol 20.1 16.1 
16SO/18 32 18.5 16.6 
16:0/18:2 + cholesterol 19.6 iss 
MEAN 1-0 16.3 
STANDARD DEVIATION 0.9 O39 
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Significantly lower than would be predicted for passive 
permeation through the hydrocarbon region, based on other 
studies of glucose permeation of bilayers. Activation 
energies of 19-22 kcal/mole and 26-29 kcai/mole have been 
quoted for the passive efflux of D-glucose from sonicated, 
unilamellar phosphatidylethanolamine bilayer vesicles and 
multilamellar phosphatidylcholine bilayer vesicles, respec- 


Cively (29,130). 


Differential thermal analysis 


The temperature-based thermograms from the differential 


thermal analysis of whole membranes and of extracted lipids 
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from cells grown in the presence of palmitic plus elaidic 
acids are reproduced in figure 13. The temperatures of onset 
and finish of the phase transitions are defined by the 
points where the traces first deviate from the baseline 
(arrows). The transitions of membranes and of extracted 
lipids, respectively, are from 13°C to 41°C with the peak at 
29°C, and from 11°C to 46°C with the peak at 30°C. The 
discontinuity in Arrhenius plots of permeation seen with 


these cells lies within the transition and near the peak. 


Effect of fatty acid composition on cell size 


The morphology of A. laidlawii B cells is dependent on 
the fatty acids supplied in the growth medium. Cells whose 
membranes have a high Tm appear as single spheres, while 
those with more fluid membranes exhibit morphologies like a 
string of beads, or like filaments. Suspension of the cells 
in 200mM sucrose, which is hypotonic to the growth mediun, 
transformed most of the cells in any culture to fairly 
uniform spheres, however it was necessary to demonstrate 
that the sizes of these spheres did not vary systematically 
with membrane fluidity. If it did, then apparent differences 
in swelling rates may arise artifactually from geometrical 
factors causing differences in light scattering or from the 
different surface area/fvolume ratios. The results of 


measurements made of photomicrographs of cell suspensions in 


sucrose are given in Table V. Although the standard 
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10 DOF Pernegg AG% 150 
TEMPERATURE (°C) 


Differential Thermal Analysis of Membranes and 
Lipids from Cells Grown in the Presence of 
Palmitic plus Elaidic Acids. 

Membranes and lipids were prepared and DTA run as 
described on page 40. Heating curves are shown 
here, at heating rates of 10°C/min. 

a=membranes, b=lipids. 
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TABLE V 


EFFECT OF MEMBRANE LIPID COMPOSITION ON CELL SIZE 
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. Mean Standard 
Supplemented Number of Diameter Deviation. 
Fatty acids Measurements (microns) (microns) 

16270 /1821t+ 203 02579 2.070 
cholesterol 

16967182 1 58 0.595 0.136 
16: 071783 1c 308 0.474 O28 
1620718:s2¢¢ 190 0.508 0.109 
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deviations are large and the mean diameters are considerably 
different in some cases, no systematic alteration of cell 
size with membrane lipid fluidity is apparent. It was 
concluded that the effects of lipid composition on per- 


meability are not artifacts due to varying cell size. 


Metabolic fates of permeants 


To determine whether permeation is the rate-limiting 
process for accumulation of label, or whether other factors 
play a role, it is necessary to know in what form the 
radioactively labelled permeants are present inside the 
cell. Therefore, cells were incubated with various labelled 
permeants under a variety of conditions, then radioactively 
labelled compounds were extracted and the products analyzed 


by paper chromatography as described in Chapter II and the 
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Methods section of this chapter. For chromatography of 
Hi coee and its analogs, solvent 28 (1M aqueous ammonium 
acetate, pH=5.0:95% ethanol 3:7 (vsv)), or solvent 36 (ethyl 
acetatez:acetic acid:water 3:1:1 (v:v:zv)) were used (131).- 
For maltose, n—butanol: pyridine: water, 6:4:3 (vszv:v) was 
used (109). The results of chromatographic analyses using a 
number of labelled permeants under a variety of conditions 


are given in figures 14-20. 


Figure 14 shows the effects of various enzyme 
inhibitors on the extent of metabolism of 1mM D-glucose 
after 90 sec at 30°C. Under these conditions, there is a 
Significant conversion of glucose to other compounds, 
probably phosphates. It seems, however, that a large amount 
of unaltered glucose is present as well, so the rate 
limiting step for uptake of counts can not be readily 
assigned as would be the case if either metabolism were 
insignificantly slow, or so rapid that no free glucose was 


found. 


Iodoacetic acid has been used to inhibit glucose 
metabolism and energy production in Mycoplasma gallisepticum 
and in Saccharomyces cerevisiae (123,132). Sodium azide, 
sodium cyanide, and sodium fluoride all inhibit thiomethyl- 
galactoside accumulation in E. Goll, presumably by 
inhibiting energy-yielding metabolic steps (133). Sodium 


fluoride also shows some inhibition of sugar uptake, perhaps 


by depleting energy, in Mycoplasma gallisepticum, while 
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Figure 14, 


Effect of Inhibitors on D-—Glucose Metabolisn. 
Acholeplasma laidlawii cells were incubated for 
90 sec at 30°C with ImM [14C]—D-—Glucose in the 
presence of various inhibitors after a 10 min 
preincubation with the inhibitor being used. 
Cells were then filtered and washed with ice cold 
quench solution on Millipore filters, and the 
radioactive material extracted and chronato— 
graphed for 18 hr using solvent 28 (1M aqueous 
ammonium acetate, pH=5.0:95% ethanol, 3:7 (vwsv)). 
The positions on the paper of standards are 
indicated on figure 14(a). 


(a) o—-o, control; a-aA, 10mM NaCN; no—oa, 10mM FDNB 


(b) o-o, 10mM sodium azide (NaN3); o-oo, 10mM NaF 
A-A, 10mM iodoacetic acid (IAA). 
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sodium azide and potassium cyanide have no effect (123). 
DNFB (1—fluoro-2,4—-dinitrobenzene) can react with amino, 
sulfhydryl, imidazole, and phenolic hydroxyl groups, and has 
been shown to inhibit glucose transport and anion uptake in 
red blood cells and i-glutamate uptake by rat liver 
mitochondria (134). Of these compounds, DNFB and IAA seemed 
to show a Significant inhibition of glucose metabolism in A. 
laidlawii, while the other three inhibited to a much lesser 


dearee. 


Figure 15 shows the chromatographic pattern of radio- 
activity obtained from extracts of cells incubated in the 
presence of 0.02mM [1*C]—D-glucose at 37°C for various 
periods of time. This concentration is of the same order of 
Magnitude as the glucose concentrations used by Tarshis et 
ak. in Psjudying tfraneport ine  Landlawii 9120). 1825 
obvious that, at this concentration, a large portion of the 
glucose inside the cells is metabolized, at times as early 
as 1 minute, to some component whose Rf matches that of 
glucose-6-phosphate, and that the proportion in this forn 
remains fairly stable up to 30 minutes, so the 
chromatographic pattern obtained seems to represent a steady 
state. There is also a significant proportion of counts at 


the position where standard glucose is found. These may or 


may not represent unaltered glucose. 


Figure 16 shows the pattern obtained by chromatography 


of extracts of cells incubated for 1 min at 37°C in the 
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Figure 15. 


No 
o 


82 


Glucose standard 
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DISTANCE FROM ORIGIN (cm) 


Metabolism of 0.02mM D-Glucose by Acholeplasma 
Cells were incubated at 37°C with 0.02mM [14c}-D 
-—glucose for various periods of time. Aliquots 
were removed, washed on Millipore filters with 
ice cold quench solution, then extracted and 
chromatographed for 18 hr- with solvent 28. The 
shaded peak is standard D-glucose. 

o-oo}, . Wiindinisan ee) | 10 min; o—o, 20 min; 
x-x, 30 min. 
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Figure 16. Metabolism of 200mM D-Glucose by Acholeplasma 
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presence of 200mM [1*C }+D-—glucose, then washed on 
Millipore filters with ice cold quench solution, 


extracted and chromatographed for 18 hr 
solvent 28. 


The position of the D-glucose standard 


indicated by the bracket on the figure. 
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presence of 200mM [14C ]—D-—glucose. At this concentration the 
Ee epott ion of glucose taken up by the cell which is 
metabolized is negligibly smali. These conditions are 
Similar to those used in the swelling rate assays of 
permeability, and these data indicate that metabolism of 
glucose does not interfere with the measurement of transport 


by swelling rates. 


Figures 17 and 18 are the chromatographic patterns 
obtained after incubation of { 14C J—L—glucose or 
2—deoxyglucose with A. laidlawii at 30°C. Figure 19 is the 


pattern with [ 14C ]—3—O-methyl glucose after incubation for 3 


Min at s0eCc. 


2-Deoxyglucose appears to be transported by human 
erythrocyte ghosts (135), and to be transported and 
phosphorylated, but not further metabolized by Chlorella 
vulgaris (136), adipose cell ghosts (137), mammalian tissue 
culture cells (138), and cultured chick embryo fibroblasts 
(139). On the other hand, it was oxidized to 2—deoxygluconic 
acid rather than phosphorylated by Pseudomonas aeruginosa 


(140), and was not phosphorylated by cell-free extracts of 
L—Glucose is not transported in erythrocytes (141,142), 
mouse pancreatic beta cells(143), or membrane vesicles from 
rat adipose tissue (144), but may be a substrate for the 
D-glucose transport system in frat small intestine brush 


border membrane cells, having a lower affinity for carrier 
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Figure 17. Metabolism of 1UL-Glucose and 2-Deoxyglucose by 
Cells were incubated at 30°C in the presence of 
labelled sugar, then washed on Millipore filters 
with ice cold quench, extracted, and 
chromatographed for 18 hr using solvent 28. The 
positions of standard compounds are indicated by 
brackets. 

0-0, ®—-* = 2-deoxyglucose; o-a, s-e = I—glucose 
Open symbols = 40 sec incubation, 
Closed symbols = 10 min incubation. 
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Figure 18. 
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Metabolism of L-Glucose and 2-Deoxyglucose by 
Cells were incubated at 30°C in the presence of 
labelled sugar, then washed on Millipore filters 
with ice cold quench solution, extracted, and 
chromatographed for 18 hr using solvent 36. The 
positions of standard Compounds are indicated by 
the brackets. 

o-oo, ®—*® = 2—deoxyglucose; o-n, »—s = L—glucose 
Open symbols = 40 sec incubation, 

closed symbols = 10 min incubation, 
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Figure 19. 
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Metabolism of 3—0—Met hy1—D—Glucose by 
Acholeplasma laidilawii. 

Cells were incubated for’3 Min at 30°C in the 
presence of labelled 3-0O-Methyl-—glucose, then 
washed on Millipore filters with ice cold quench 
solution, extracted, and chromatographed for 18 
hr, using solvent 28. The position of standard 
3-O-methyl-glucose is indicated by the bracket. 
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than the D-isomer (145). 3-—O-—Methyl glucose is transported 
vulgaris (136), chick embryo fibroblasts (139), and human 
lymphocytes (147). The data in figures 17 and 18 indicate 
that L-glucose is not metabolized by A. laidlawii, but that 
2—deoxyglucose is phosphorylated, as well as undergoing some 
other reaction. Figure 18 shows radioactivity derived from 
2—deoxyglucose occurring at a position with an Rf which is 
greater than that of either 2—deoxyglucose itself, or that 
expected for the phosphate. This reaction seems rather slow, 
however, as the only material other than 2-—deoxyglucose 
occurring at 40 sec has an Rf Similar to that expected for 
the phosphate; the more mobile material is seen only after 
10 minutes. Figure 19 shows that 3-—O—methyl glucose is not 


detectably altered by A. laidlawii after 3 min at 30°C. 


Figure 20 shows the patterns obtained by chromato- 
graphing cell extracts after incubating at 37°C for 5 min 
with [14C]-maltose in the presence and absence of 1mM 
methylarsine oxide (CH3AsS0O). This inhibitor was also added 
to the growth medium, dissolved in ethanol, for 2 hr prior 
to harvesting the cells. Control cells had ethanol only 
added at the same time. Methylarsine oxide has been reported 
to cause 100% inhibition of maltase after incubation of the 
enzyme with 0.47mM of this inhibitor for at least 30 min 
(148). The data shown in figure 20, however, indicate a 


rapid metabolism of maltose by A. laidlawi, which is not 
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Metabolism of Maltose by Acholeplasma laidlawii. 
Control or CH3AsO-treated celis were incubated 
with [14C ]-Maltose for 5 min at 37°C, then washed 
On Millipore filters with ice cold quench sol- 
ution, extracted, and chromatographed for 40 hr 
at room temperature, using butanol:pyridine:water 
6:3:433 (vsviv) as a developing solvent. The 
positions of glucose and maltose standards are 
indicated by the shaded peaks. 

e—e, control; o-o, CH3AsO 
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affected by methylarsine oxide. This may be due toa 
difference in the enzyme which cleaves the maitose, or to 


failure of the inhibitor to penetrate the cell membranes. 


Kinetics of radioactive sugar accumulation 


The following section deals with the effects on the 
uptake of labelled sugars of the concentration of the same 
or a different competing sugar. Many of the experiments were 
performed by incubating the cells with a fixed amount of 
labelled compound, adding various concentrations of 
unlabelled sugar to change the specific activity. In others, 
the results are normalized to a constant radioactivity per 
volume of permeant solution, and so are also expressed as if 
the experiments were done in this way. The resuits in these 
instances are plotted as counts inside the cells vs time, 
and saturability or competition will be manifested as a 
decrease in slope as the concentration of the saturating or 
competing compound increases. The effect of glucose 
concentration on uptake rates in the first 60 sec is shown 
in figures 21 and 22. Im figure’ 217 very Littie, if any, 
sa turabir ity is evident at the level of 0.1mM glucose, but 
marked inhibition of uptake is seen at 10mM glucose. These 
results should reflect uptake only, not metabolism, if the 
10mM IAA which is present is effectively inhibiting glucose 
metabolism, as is suggested by the data in figure 14. Figure 


22 shows the uptake of 0.1mM [!*C]—D-—glucose with 10mM IAA 
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TIME (sec) 


Saturability of [ 14#C]-D-Glucose Uptake by 
A. laidlawii in the Presence of 10mM IAA. 

Celle grown in the presence’ of palmitic pilus 
Oleic acids plus cholesterol were incubated at 
30°C in the presence of 10mM iodoacetic acid with 
[14C]—D—glucose plus unlabelled glucose to the 
desired concentration. Aliquots were removed at 
10 sec intervals into 3 ml of ice cold quench 
solution, then cells were washed on Millipore 
filters and counted 

o—-o, 0.0038mM; o—n, 0.104mM; o—s, 10.0mM. 
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a a a 
TIME (sec) 


Competition by D-Glucose and 3-O—Methyl glucose 
for {14C]—D—Glucose Uptake by A. Jaidlawii with 
1CmM IAA. 

Cells grown in the presence of palmitic plus 
oleic acids plus cholesterol were incubated at 
30°C in the presence of 10mM iodoacetic acid with 
o.imM [14C]}-D-glucose. To test competition, un— 
labelled D-glucose or 3-O-methyl glucose was 
added to a level of 25mM. 


O—O, O0.1mM D-glucose; °e—e, 25.1mM D-glucose 
o—-ao, 0O.1mM D-glucose + 25mM 3-O-methyl glucose 
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present in the presence or absence of added unlabelled 25m 
D-glucose or 3—O—methyl glucose. Again, there is evidence of 
Saturability of D-glucose uptake, but no competition by 
3—O—methyl glucose is seen. To test whether 3-—0-—methyl 
glucose uses the D-glucose transport system, but shows no 
inhibitory effect on glucose uptake because of a much lower 
affinity, the effect of D-glucose on 3-—0-—methyl glucose 
uptake was determined. This is shown in Figure 23. The 
uptake of 6.0075mM [14C ]}—3-—O-—methyl glucose in the absence 
of IAA is inhibited slightly by the presence of 25mM 
3—O-—methyl glucose, but not by 25mM D-glucose, thus the 
uptake of these two sugars seems to be via two distinct 
pathways. In studying sugar uptake by A. laidlawii, Tarshis 
and co-workers used concentrations of the order of 0.001 to 
0.30mM and sampled at much later times, up to 40 min (120). 
No metabolic inhibitors were present. Figures 24-26 show the 
results of measurement of [14*C}D—glucose uptake determined 
under conditions comparable to these. Figure 24(a) shows the 
effect of glucose concentration from 0.03 to 0.19mM on the 
uptake of D-glucose, and the effects of 1mM ATP or 1ImM ADP + 
1mM PEP (phosphoenol pyruvate). AS shown in figure 24(b), no 
evidence for saturability of uptake is seen under these 
conditionss [tiissinteresting that the presence’ of ATP ‘or of 
ADP plus PEP, which should make energy for phosphorylation 
available, seems to decrease the initial rate, and causes a 
loss of radioactivity to occur, after 5 min. This may 


indicate that what is really being seen is the ATP-dependent 
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Competition by D-—Glucose and 3-—O-Methyl glucose 
for {24C J—3-O-Methyl glucose Uptake by A. 
laidlawii. 

Cells grown in the presence of palmitic plus 
Oleic acids plus cholesterol were incubated at 
at 30°C with ©.CO75mM [14C]-—3-O-methyl glucose. 
To test competition, unlabelled D-glucose or 3-—0- 
methyl glucose was added to a level of 25mm. 

n—-o, 0.0075mM 3-O-methyl glucoSe; s—e, 25mM 3-0- 
methyl glucose; o-o, 0.0075mM 3-O-methyl glucose 
plus 25mM D-glucose 
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Figure 24, 


Effect of Glucose Concentration on Uptake by 
Acholeplasma laidlawii 

Cells grown in the presence of palmitic plus 
oleic acids. plus cholesterol were suspended in 
10mM phosphate, pH=7.4, 150mM NaCl, 10mM MgCl12 
and then incubated at 37°C with various 
concentrations of [1!*C]—D-glucose. Aliquots were 
taken. into. 3 ml of ice cold quench solution at 5 
min intervals, washed on millipore filters, and 
counted. 

(a) Uptake vs time: 4a, 0.03mM; A-A, 0.04mM; 
e—e, 0.06mM; x—-x, 0.09mM;3 o—o, 0.10mM 
o—n, O.09mM+#10mM ATP; w—s, 0.09mM+10mM (ADP+PEP) 
(b) Rate vs concentration: Rates were taken as 
the difference between the 5 min and zero values, 
divided by 5. 
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labelling of metabolic pools, and that the availability of 
energy accelerates the loss of radioactivity in the form of 
metabolic products. The apparent reduction in uptake caused 
by ATP, or ADP plus PEP, could be an artifact due to the. 
rapid rise to a peak, followed by loss of counts which 
occurs before the first S min sample is taken. 
Alternatively, the nucleotides may interact with the cell 


surface to make the membranes leaky. 


Figure 25 shows the uptake of [!*C]—D-glucose, present 
at a constant radioactivity per volume of solution, in the 
presence of unlabelled glucose added to a final 
concentration of 0.02 or 0.20mM. The amount of radioactivity 
in the cells increased up to 10 min, then showed a decline 
with additional time, similar to the behavior seen in figure 
24 in the presence of ATP or of ADP pius PEP. This suggests 
that the decline is due to metabolism of the glucose and 
loss of metabolic products. As shown in figure 15, most of 
the radioactivity present in these cells at all times has an 
Rf smaller than that of glucose. An increase in initial rate 
of uptake of radioactivity is seen here in the presence of 
added unlabelled glucose, rather than a decrease which would 
be expected from competition for carrier. This is probably 
due to stimulation of phosphorylation by the energy made 
available from the metabolism of the extra glucose. Figure 
26 shows a stimulation of uptake of 0.2mM ([!*C ]J—D—glucose by 


the presence of 0.5mM glucose. Again, the loss of 
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Figure 25. 
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Effect of Glucose Concentration on Uptake by 
Acholeplasma laidlawii. 

Cells .grown in the presence of palmitic plus 
Oleic acids plus cholesterol were incubated at 
37°C with 0.02 or 0.20mM [14C ]—D—glucose having a 
constant radioactivity per unit volume. 

o-o, 0.02mM; e—*, 0.20mM 
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TIME (min) 


Effect of Glucose Concentration and of IAA on 
Glucose Uptake by Acholeplasma laidlawii. 

Célils grown in the presence of palmitic plus 
oleic acids plus cholesterol were incubated at 
37°C with o.2mM [1*C[—D—glucose with the addition 
of nothing (O-O), 0.5mM unlabelled 
D-glucose (a-o), or 10mM iodoacetic acid (e-e), 
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Figure 27. Chromatography of _Cell, Extract ‘atter 10 Min 


Incubation with [!*C }D-Glucose. 
10 Min samples of cells from the experiment shown 
in figure 26 were extracted and the extracts 
chromatographed for 18 hr at room temperature 
using solvent 28. The position of the D-glucose 
standard is shown by the bracket. 
O—-O, 0.2mM glucose; u—t, 0. 7mM glucose 
e—e, 0.2mM glucose plus 10mM IAA. 
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TIME (sec) 


Effect of Fatty Acid Composition on Uptake of 
O.1mM [1*%C ]—D—Glucose. 

Cells grown in the presence of palmitic plus 
elaidic, oleic, or linoleic acids were incubated 
at 25°C with 0.1mM [14C]—D-—glucose, and portions 
taken. into o3 ml sof ace iccobdisgwench) solution, 
filtered and washed at the times shown. 
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TIME (sec) 


Effect of Fatty Acid Composition on Uptake of 
1.0mM [1 *C J—D-Glucose. oe 

Celis grownin* *the>o*presencectofs! palmaties pilus 
elaidic, oleic, or linoleic acids were incubated 
at 25°c with 1.0mM [14C}-D-—glucose, and portions 
taken into 3 ml of ice cold quench solution, 
filtered and washed at the times shown. 

n—u, 16:0/18:2cc; o-o, 16:0/18: 1c; 

x—x, 16:0/18:1t. 
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TIME (sec) 


Effect of Fatty Acid Composition on Uptake of 
10.O0mM { 14C J—D—Glucose. 

Célls grown in the presence of palmitic plus 
elaidic, oleic, or linoleic acids were incubated 
at 25°C with 10.0mM [1°C]—D-—glucose, and portions 
takenifintos Son) )of wee™cold? quench’ solution, 
filtered and washed at the times shown. 

nen, 16:0718:2cc;° 0-0, 16 :07782%c; 

x—-x, 16:0/18:1t. 
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radioactivity after the first 10 min is seen. The presence 
of 10mM iodoacetic acid prevents this net loss of label, as 
would be expected from its inhibition of metabolism. It also 
greatly decreases the rate of uptake. This could be due 
either to the absence of trapping of labelled glucose in 
large metabolic pools, or could also indicate some effect of 
IAK on the transport protein. Figure 27, which illustrates 
the chromatographic analysis of the intracellular 
radioactivity after 10 min, shows that a greater proportion 
of the radioactivity in these cells is in the form of 
compounds other than glucose in the presence of 0.5mM 
unlabelled glucose. This confirms the stimulation of 
metabolism by the added glucose. The inhibition of 
metabolism by IAA is also shown in figure 27. Although 
phosphorylation is obviously significantly curtailed, it is 
possible that some other reaction (eg oxidation) to a 


compound having a siightly lower Rf than glucose occurs. 


The effect of fatty acid composition on the initial 
rates of uptake of [14C}-D-—glucose at 3 different glucose 
concentrations is shown in figures 28-30. At a concentration 
of 0.1mm (figure 28) or 1.0mM (figure 29), the nate of 
uptake of D-glucose increases with increasing lipid 
fluidity. At 10mM, however, the situation is more 
complicated (figure 30). The apparent amount of glucose 
inside cells with the most fluid membranes (16:0+18:2cc) is 


at all times equivalent to the amount which would be 
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calculated from the level of background radioactivity; in 
other words, no uptake of glucose is seen. The cells with 
the least fluid membranes (16:0+18:1t) show a plateau which 
is fairly constant, while those with intermediate fluidity 
(16:0+18:1c) exhibit a rapid rise to a peak at 45 sec, 
followed by a decline of counts inside the cells. It may be 
postulated that these effects are a result of enhancement of 
metabolism of the label by energy made available from the 
metabolism of the 10mM glucose which is present. Radio- 
activity inside the cells can be affected by the glucose 
permeability of the membranes in two ways: a higher 
permeability allows label to get into the cells faster, but 
also allows energy from glucose metabolism to be made 
available more quickly. This metabolic effect can tend to 
either increase or decrease radioactivity inside the cells, 
depending on whether labelled glucose in the medium is 
nearly depleted, so that loss from cells by metabolism is 
more Significant, or not near depletion, so that the 
labelling of intracellular pools of metabolites is nore 
significant. In addition, a more fluid membrane may increase 
the rate of loss of radioactive metabolites of glucose by 
cells. The most fluid cells seem to be unable to retain 
radioactive metabolic products during washing. Oleate- 
supplemented cells show an increase, followed by a decrease 
in radioactivity, as energy from the metabolism of glucose 
stimulates the movement of label through the intracellular 


pools. With elaidate-supplemented cells, some type of steady 
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state is seen. 


Figure 31 shows the effects of various unlabelled 
sugars and Similar compounds on the uptake of 
{ 14C }+-2-—deoxygiucose. Only 2—deoxyglucose itself and 
D-glucose seem to Significantly inhibit uptake, although 
there may be slight inhibition by L—-glucose. Myoinositol and 
sucrose show no effect, while 3-O-methyl glucose and 
erythritol actually stimulate the uptake of label. This 
effect could occur by an activation of the transport carrier 
by these compounds through some type of co-operative effect, 
or by an inhibition of metabolic processes which lead to 
loss of label. The inhibition by D-glucose but not 3-0- 
methyl glucose is consistent with the lack of mutual con- 
petitive inhibition by these two compounds (figures 22 and 
23). The reduced inhibition by L—glucose correlates with the 
evidence for weaker binding of this isomer from the 


phloretin inhibition of swelling (figure 3). 


Because of the failure of the inhibitor methylarsine 
oxide to prevent the rapid metabolism of Maltose by A. 
laidlawii, the uptake of this permeant is subject to the 
same limitations as to interpretation that exist for 
D—glucose. Rather scattered data were obtained in initial 
attempts to measure uptake, perhaps due in part to ineffect- 
iveness on the phioretin in the quench solution in 
inhibiting flux of this compound, so further attempts to 


characterize this transport system were not undertaken. 
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Figure 31. 


1600} 


Inhibition of [1!*C]j—2-Deoxyglucose Uptake by 
Glucose and Glucose Analogs. 

Acholeplasma Jaidlawii cells grown in the 
presence of palmitic plus elaidic acids were 
incubated at 30°C with 0.2mM [1*C J—Z-—deoxygiucose 
in the presence of various other compounds at 
4OmM. Aliquots were taken into ice cold quench 
solution at the times indicated, washed on 
Millipore filters and counted. 

e—n, 3-O-methyl glucose; A-4, erythritol; 

o—-o, control; x—-x, myoinositol; o-o, sucrose; 
4-4, L-glucose; *-—*, 2-deoxyglucose; 

o-9, D-glucose. 
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iV Discussion 


It seems quite clear that glucose is taken up by A. 
daidlawii via some type of mediated process, that is, via 
some mechanism, probably involving membrane protein, other 
than simple passive diffusion through the lipid bilayer. 
This is indicated by several lines of evidence. The swelling 
rate in D-glucose is strongly inhibited by phloretin and 
phiorizin, compounds which are known to inhibit mediated 
sugar transport in many different systems (143,149-154). It 
is inhibited at temperatures above 45°C, whereas the 
swelling rate in erythritol continues to rise exponentially 
with increasing temperature, indicating the involvement of 
some heat-labile component in glucose, but not erythritol 
permeation. The swelling in glucose is much faster than 
would be predicted for passive diffusion, from a comparison 
of swelling rates of cells with those of liposomes, and 
shows a lower activation energy than does glucose permeation 
of lipid bilayers (130,131). Unfortunately, the assay of 
permeability by the use of radioactive tracers is com- 
plicated by the rapid metabolism of D-glucose. Several 
factors interact to determine the apparent rate of uptake of 
labelled sugar which is observed at various permeant 
concentrations. Competition for a saturable transport 
process will decrease the rate of entry of radioactivity 
into the cell as the concentration of unlabelled permeant 


increases. On the other hand, metabolism of the unlabelled 
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Sugar can provide energy which tends to increase the counts 
in the cell measured at early times because of accelerated 
labelling of intracellular pools, but decrease the counts 
measured at later times when the loss of label by metabolism 
becomes significant. In addition, unlabelled sugar may be 
competing for metabolic enzymes. The fluidity of the cell 
membrane can have various opposing effects upon the uptake 
observed. A more fluid membrane may allow permeant to be 
‘taken up faster, but it can also allow labelled metabolic 
products +o escape more readily. The dichotomous effect of 
the increased metabolism due to faster uptake of substrates 
through more permeable membranes must also be kept in mind. 
The net effect of these interacting parameters may depend on 
the concentration of permeant present, the times at which 
sampling is done, the temperature, the relative magnitudes 
of the permeability and the rate of metabolism of the 
permeant, the permeability of the membrane to metabolic 
products and the ratio of the amount of cells to the total 


amount of permeant present in the assay mixture. 


The two most obvious approaches to this problem are to 
use non-metabolizable analogs of the permeant or to inhibit 
cellular metabolism. Of the analogs of D-glucose tried, 3-0- 
methyl glucose and L—glucose were not metabolized, but they 
also showed little affinity for the transport system. While 
2—deoxyglucose showed competition with D-glucose for uptake, 


it was also metabolized, at least to the level of phosphate 
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and, in fact, this reaction may be the step at which 
competition is acting. Iodoacetic acid seemed to inhibit 
glucose phosphorylation, but could not be unequivocally 
shown to prevent all reactions of glucose. It was also 
uncertain what effect this inhibitor had on the presumed 
transport protein itself. An additional problem with these 
measurements was that curved rather than linear plots of 
intracellular counts vs time are nearly always obtained, 
even at very early times, so determination of initial rates 
is difficult. Nevertheless, at early times, and at low 
(O0.1mM) glucose concentrations, the membrane lipid fluidity 
could be shown to have an effect on glucose uptake, with the 
more fiuid membranes allowing faster permeation. The 
conditions of the swelling rate assays were such that 
metabolism of radioactive material by the cells was not a 
problem. At the high permeant concentrations used (200mM), 
the proportion of material taken up which was chemically 
altered by the cell in the time of measurement was insig- 
nificantly small, indicating that intracellular metabolisn 
is more readily saturable than the transport process. Since 
a continuous tracing is obtained, sampling at early times is 
not required, so this problem of measuring uptake of 
labelled permeants is eliminated. The swelling rates show a 
definite increase with increasing lipid fluidity, produced 
by manipulation of both fatty acid composition and 
cholesterol content. This increased rate of uptake arises 


from entropic terms, as the heat of activation does not 
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change significantly, and thus appears to be a direct 
consequence of the ease of some type of movement of carrier 
which occurs in the lipid environment. The Arrhenius plot of 
uptake in 16:0/18: 1t-supplemented cells showed a 
discontinuity in slope occurring within the lipid phase 


transition at about 25°C. 


Because of the difficulties presented by the metabolism 
of glucose, the characterization of this transport system is 
incomplete. Without good kinetic data at low glucose 
concentrations, reliable estimates of Km and Vm were not 
possible. It was also not possible to determine whether 
uptake against a concentration gradient occurred in order to 
establish whether this was an active transport system or a 
facilitated diffusion system. The other phenomenon which it 
would have been desirable to examine is that of counterflow. 
This is a transient flux of labelled compound against its 
concentration gradient driven by a large flux in the 
opposite direction of unlabelled compound down its 
concentration gradient, which is often seen in facilitated 
diffusion systems (155). This phenomenon is explained by 
competition for permeant binding sites by the unlabelled 
compound, which prevents the flux in one direction of label, 
thus causing accumulation as long as the concentration 
gradient of the unlabelled compound is present. In this 
system, the metabolism of D-glucose precluded such a 


measurement, and counterflow was not seen with L—glucose or 
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3-—O-methyl glucose, possibly due to their low affinities for 


the transport sites. 


Although no saturable component of phloretin binding to 
the cells is seen, a large amount of phloretin does bind, 
and this binding is reduced by the presence of 50mM glucose. 
This altered binding may be a result of some general 
alteration of the cell surface by the presence of glucose 
rather than its competition with phloretin for binding to 
specific sites. On the other hand, the increased inhibition 
of uptake of 1mM vs 10mM D-glucose by 90.001mM phloretin does 
suggest competition between phloretin and glucose for 
binding to transport sites. There may be a small number of 
such binding sites for phloretin which are involved in the 
inhibition of glucose flux. Binding of phloretin to them 
could have been obscured in the determination of binding by 
a general partitioning of much larger amounts of phloretin 


into the membrane. 


To summarize, D-glucose uptake in A. Jlaidlawii is 


mediated and is dependent on lipid fluidity, but a complete 
characterization of the glucose uptake system was not 


achieved. 
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CHAPTER IV 


URIDINE AND GLUCOSE TRANSPORT IN HUMAN ERYTHROCYTES 


i Introduction 


Although Acholeplasma Jaidlawii provides a system with 


readily-alterable membrane lipid fluidity, the 
characterization of the transport system investigated was 
somewhat equivocal. It was therefore decided to study a 
system with a well-defined facilitated diffusion systen, 


even if the manipulation of membrane fluidity then became 


more difficult. 


The human erythrocyte has facilitated diffusion systems 
for D-glucose (101-104) and for uridine (105-107) which have 
been studied in some detail. There are several procedures 
which can be used to determine kinetic parameters of these 
systems, and the complexity of the transport phenomena are 
reflected in the fact that the values determined for Km and 
Vm vary greatly depending upon which method is used. In the 
contact with various concentrations of permeant, to the 
other side, where the permeant concentration is zero, is 
measured. In the equilibrium exchange experiment both sides 
of the membrane are in contact with the same concentration 
of permeant, but labelled permeant is present at one side 
Only; and dts flux” is” *measured “at various permeant 


concentrations. The infinite—cis experiment follows flux of 
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labelled permeant from one side, having a saturating 
concentration, to the other, which has unlabelled permeant 
present at varying concentrations. Lieb and Stein have 
collected data for glucose transport from various workers 
which show that the values for Km determined by the zero— 
trans and equilibrium exchange procedures are at least an 
order of magnitude higher than by the infinite—cis 
procedure, and that the value of Vm determined by 
equilibrium exchange is about double that obtained by the 
other methods (156). Various modifications of a simple, 
symmetrical, shuttle-type carrier have been proposed to 
account for the kinetic anomalies which have been noted. 
These include different mobilities of permeant-bound and 
free carrier (102), the presence of unstirred layers of 
water outside the erythrocyte (94,157), and an asymmetric 
carrier system exhibiting different binding constants at the 
two surfaces (158). Lieb and Stein have presented a proposal 
featuring a tetrameric transport protein with two binding 
sites, one with high affinity and one with low affinity, 
exposed at each surface (156). Transport is accompanied by 
an internal transfer of permeant from one subunit to another 
which is at the opposite face of the membrane. Using a 
diverse body of kinetic data, they present an argument for 
this model and against the other proposals which is quite 
convincing, provided that the data used can all be accepted. 
One problem is that the experiments were done by a number of 


different investigators under a variety of different 
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conditions, so may ke subject to differences caused by 


temperature and other experimental conditions, as well as 
the normal deviations which may exist between erythrocytes 


from different individuals. 


In spite cf some complicating aspects of the kinetics, 


the glucose transport system in human erythrocytes seemed 
like a very useful one to use in investigating the effects 
of lipid fluidity. At glucose concentrations of 5mM or 
higher, the rate of permeation is far in excess of the rate 
of glucose utilization, so that interference with 
permeability measurements by metabolism is not a serious 
problem (159). At 25°C, the cells can even be incubated with 
glucose for extended periods of time to preload them with 
permeant without significant metabolism of the glucose 
occurring (102). Large quantities of human erythrocytes are 
readily availakle and, because the cells are large, washing 
by centrifugaticn and the determination of cell volume in 
suspensions (hematocrits) can be done easily and quickly. 
The potent inhibition of flux by phloretin (160) or mercuric 
icns (161) allows transport to be rapidly terminated by a 
solution containing these compounds in order to measure flux 


rates (162). 


For many of the same reasons, the uridine transport 
system of human erythrocytes also appeared to be a promising 
one to investigate. Uridine is not chemically altered by the 


human erythrocyte, and is taken up by facilitated diffusion 
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(105): A large number of compounds show accelerative 
exchange diffusion, that is, they increase the rate of 
unidirectional flux of uridine from a saturating 
concentration when they are present at the trans membrane 
surface. This effect is explained by a faster return of the 
carrier binding site to the cis membrane surface when bound 
to the accelerating substrates than when empty, implying 
that the accelerating substance must be a substrate for the 
transport system (155). The acceleration of flux by 
substances present at the trans side of the membrane has 
been used to investigate the specificity of the uridine 
transport system. This system in human erythrocytes exhibits 
specificity for un-icnized nucleosides of a fairly large 
number of both purines and pyrimidines, but a more stringent 
Specificity tcward the sugar portion (106). There is little 
tolerance for substitution at the 2" or 3' positions of 
ribose, although the 2'—hydroxyl group can be replaced by a 
hydrogen. Uridine shows values of Km and Vm of 0.71mM and 
0.5 micromolesymin/ml of packed cells for the zero-trans 
experiment at 15°C (105), 0. 1mM and 4.3 to Jed 
micromolesyminynl packed cells measured by accelerative 
exchange diffusion at 25°C (106,107), and a Km of 1.0mM at 
25°C for equilibrium exchange flux (163). The S—substituted 
thiopurine ribkonucleoside 6-[ (2—hydroxy-5-nitrobenzyl)- 
thio]guanosine (HTG), and a number of other analogous 
compcunds, bind tightly (Kd=10-9M) to the membrane and 


inhibit uridine transport (106,163,164). 
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In the work described here, equilibrium exchange efflux 
was measured kecause the kinetic analysis of this type of 
experiment is simpler and because of certain technical 
advantages. Since the concentration is the same at both. 
Sides of the membrane, washing of the cells with large 
volumes of sclution containing permeant at the desired 
concentration eliminates any uncertainty about the 
concentration present at either face. Volume changes induced 


by osmotic inbalance during transport are also eliminated. 


One of the methods used to alter membrane lipid 
fluidity was treatment with anesthetics. An anesthetic may 
be broadly defined as a drug which, when applied directly to 
a nerve or muscle cell, reversibly biocks the action 
potential without appreciably affecting the resting membrane 
potential (165). The term anesthetic, thus defined, 
encompasses a very large number of compounds which have a 
variety of pharmacological effects. Most of these are 
hydrophobic or amphipathic molecules. Several lines of 
evidence demonstrate that many of the lipid-soluble 
anesthetics have a fluidizing effect on membrane lipids. 
Anesthetics cause an increase in area of lipid films at the 
air/water interface and of biomembranes. This expansion is 
10-fold more than can be explained by the volume occupied by 
the anesthetic molecules (165). An increase in mobility of 
anesthetics in membranes with increasing anesthetic 


concentration, up to a certain point, was shown by the NMR 
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spectrum of benzyl alcohol (166). A fiuidization of the 
membrane by a large number of aliphatic alcohols, by 
halothane, and by methoxyflurane, which can be reversed by 
increased atmospheric pressure, was seen in studies using. 
fluorescent or spin-labelled probes (167,168) . The 
generalization has been made that anesthetics may either 
increase or decrease passive fluxes, but invariably inhibit 
facilitated diffusion, presumably due to some effect on the 
conformaticn of transport proteins (165). This postulate, 
however, has not been thoroughly tested and verified, nor 
does there seem to be any a priori reason for all 
facilitated fluxes to be inhibited, so it seemed worth while 
to lcok at the effects of some anesthetics on glucose and 


uridine fluxes in erythrocytes. 


The second procedure used for the manipulation of 
erythrocyte membrane fluidity was the partial exchange of a 
cholesterol analog, cholest-4-en-3-one, for membrane 
cholesterol. Chclesterol comprises about 40 mole% of the 
membrane lipid of human erythrocytes (169). Cholesterol 
seems to he required for the maintenance of membrane 


integrity as its depletion from human erythrocytes i 


vitro 
leads to hemolysis (170), and depletion from rat 
erythrocytes in vivo leads to increased fragility and the 
formation of morphologically abnormal cells (171). 
Cholesterol is thought to act in biological membranes as a 


regulator of lipid fluidity, fluidizing fatty acid chains at 
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temperatures below Tc, but rigidifying them at temperatures 
above Te (172,173). Fluorescent probe analysis has indicated 
that the effect of cholesterol in erythrocyte membranes at 
37°C is to restrict molecular motion in the hydrophobic 
region (174). Investigations of the effects of cholesterol 
on erythrocyte permeabilities have yielded varying results. 
In vivo or in vitro cholesterol loading of guinea pig 
erythrocytes decreased their permeability to erythritol or 
Nat at 37°C, and to thiourea or monacetin at 229°C (175). Up 
to 39% depleticn of cholesterol of pig, ox, or human 
erythrocytes dces not seem to affect permeabilities, but 
depletion beyond this level increased the permeabilities of 
human erythrocytes to erythritol at 30°C Te OL sp iG 
erythrocytes to glycerol at 15°C, and of ox erythrocytes to 


acetate or propionate at 0°C (176,177). 


It has been reported that significant amounts of 


certain other steroids can be exchanged for erythrocyte 
membrane cholesterol by incubating the erythrocytes with 
sonicated dispersions of the steroids plus lecithin (170). 
These replacements can cause significant increases or 
decreases, depending upon the sterol used, of swelling rates 
of the erythrocytes in glycerol at 37°C. Using a fluorescent 
cholesterol analog, evidence has been obtained that exchange 
of sterol molecules ketween the two sides of the bilayer 
occurs much faster than that of phospholipids (178). With 


the sterol used, the half time of this process at 30°C was 
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72 min, which means that cholesterol in both sides of the 


membrane should be exchanged under the conditions used here 


(2-8 hr-at 37°C). 


Buffer systems 


Because the cation pump responsible for maintaining 


high intracellular K+ and low Nat levels, as well as the 
property of memkrane deformability, requires the presence of 
ATP, and because the survival of red cells in stored Red 
Cross blood seems to be closely related to intracellular ATP 
levels, it was felt desirable to maintain high 
concentrations of ATP in erythrocytes used for permeability 
experiments (179). The presence of 0.5mM adenine has been 
shown to improve the survival of red cells in stored blood, 
by reacting with phosphoribosyl pyrophosphate (PRPP) to forn 
AMP. This step is essential to the maintenance of ATP levels 
after AMP accumulation in stored blood triggers the 
reduction of adenine nucleotide pools by deamination to IMP, 
dephosphorylaticn to inosine, and phosphorolysis to 
hypoxanthine, because the cells can not synthesize new 
adenine nuclectide by the de novo pathway (179). Fresh red 
cells do net contain significant levels of PRPP unless’ they 


are incubated at 37°C with the pentose phosphate precursor, 
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inosine, or unless the concentration of inorganic phosphate 
is raised well above normal plasma levels (180). 
Significantly higher amounts of PRPP, which is derived from 
glucose, are found in stored red cells than in fresh cells. 
(181). Incubation of red cells with inosine causes the 
accumulation of sugar phosphates, including a rise of 
fructose diphosphate and triose phosphate concentrations to 
10 times their normal levels, as well as increasing the 
amount of PRPP. The presence of 10mM pyruvate prevents this 
accumulation of fructose diphosphate and triose phosphate, 
presumably by generating NAD from NADH, which is then 


available for the oxidation of triose phosphates. 


Bearing these cbhservations in mind, an isotonic buffer 
system was designed to keep ATP levels as high, and levels 
of other metabolites as near to normal, as possible. It 
contained 0.5mM adenine, 140mM NaCl, 2mM MgC12, 5mM KH2PO4, 
10mM Nat—pyruvate, 20mM tris—HCl, pH=7.4, and 10mM of either 
D-glucose or incsine. Inosine was present in the buffer used 
for measuring gluccse transport and uridine passive flux, 
but since inosine is a substrate for the uridine transport 
system, it was replaced by glucose in uridine facilitated 
diffusion experiments. After washing the erythrocytes, they 
were routinely incubated at 37°C for 1 hr in this buffer, 


then rewashed not more than one day before being used. 
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Preparation of egg yolk lecithin 


Phosphatidyicholine (lecithin) was purified from a 
lipid extract of egg yolks by column chromatography on 
Silicic acid (1&2,183). The yolks from three eggs were 
blended thoroughly in a Waring blender with 110 ml of 
acetone to remove cholesterol and cholesterol esters, 
glycerides, pigments, and water. After filtration through 
Whatman No. 1 paper, the filtrate was discarded and the 
residue blended with 110 ml of chloroform:methanol 2:1 (v:v) 
and filtered again. The filtrate was taken to dryness and 
the deposited material redissolved under nitrogen in 125 ml 
of 5% methanol in chloroform (v:v) with slight warming, then 
cooled to rocm temperature, filtered and the filtrate 
retained. For the first chromatography step, a slurry of 
400 g of Unisil plus 50 g of celite in methanol was applied 
to a 6 cm-diameter glass column (height=35 cm) and washed 
with 11 of chloroform. Lipids were applied in 5% methanol 
in chloroform, then eluted stepwise with increasing con- 
centrations cf methanol in chloroform, monitoring the 
effluent at all stages by micro-TLC. In this technique, 
plates are prepared by dipping two microscope slides held 
tightly together into a thick slurry of silica gel G in 
chloroform, so one side of each slide is coated. After the 
plates are separated and dried, samples are applied and can 
be developed within 5-10 min in a small covered bottle, 


using chlorofcorm:methanol:water 60:25:4 (vsviv) as a 
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solvent. Material on the plates is detected by spraying with 


40 g/l of phosphomolybdic acid in 95% ethanol, then heating 


on a hotplate (184). 


The column was eluted with 1 liter of 7.5% methanol in 
chloroform, 1 liter of 10% nethatol, t Later of $2.58 
Be fhanol, “t iter “of -* 15% methanol, 1° liter “of “1775% 
methanol, + ater of "20% methanol,’ °T liter “of ~2275% 
methanol, and 1 liter of 35% methanol, and all of these 
fractions were discarded. The next elution was with 69 
liters of 35% methancl. The first 35 liters showed very 
little contamination and this fraction was retained and the 
solvent evaporated, then lipid was taken up in 10% methanol 
in chloroform. A second column purification was carried out 
on a 3 cm-diameter X 15 cm column of Unisil. The sample was 
applied and the cclumn was eluted with 1.5 liters of 10% 
methanol in chleroform, discarding this fraction. Elution 
with 22 liters of 30% methanol was then carried out, and the 
first 13.5 liters retained and the solvent evaporated. The 
yield was 2.96 g of lipid which chromatographed as a_ single 
spot having the Rf of authentic egg yolk lecithin. This was 
stored at —20°C dissclved in chloroform under nitrogen, and 


in the dark. 
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Sterol exchange 


Sterols and egg yolk lecithin were combined at a ratio 
of 0.6 g cholesterolyg lecithin, or 0.8 g (cholesterol + 
cholest-4-en-3-cne)/g lecithin in 40 ml stainless steel 
Sorvall centrifuge tubes, and 0.5 ml buffer per mg of 
lecithin was added to the mixture. The ratio of cholesterol 
to cholest-4-en-3-one varied and is given in the figure 
legends. A total volume of 10-20 ml (20-40 mg lecithin) was 
used per tube. These mixtures were sonicated on ice under 
hitrogen for 20 min each in four 5 min bursts using a 
Biosonik III frobe-type sonicator at 180 watts. After 
sonication, the dispersions were centrifuged for 1 hr at 
48,000Xg to remcve titanium powder and undispersed lipid. 
The supernatants were then diluted 1-—fold with buffer, and 
erythrocytes were added to a level of about 0.12 ml of 
packed cells per mg of lecithin. These mixtures were 
incubated for 2-8 hr at 37°C in the warm room, mixing by 
continuous inversion at 50 rpm, then celis were washed twice 
in buffer by centrifugation before equilibration with 


permeant (170). 


Determination of intracellular volumes 


The sum of intracellular plus extracellular volume of a 
suspension of erythrocytes was determined by dilution of 
[14C }3—O-methyl glucose, a non-metabolizable glucose analog 


which we found to rapidly permeate human erythrocytes, and 
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the extracellular space by dilution of [1*C} sucrose, which 
does not permeate the cells (185). The hematocrit of an 
approximately 50% cell suspension was determined in 
quadruplicate, then 0.2 ml of suspension was diluted in. 
triplicate with 0.2 ml of buffer containing either 
[14C}-sucrose or [14%C}3-O-methyl glucose. After allowing 
the 3-O-methyl glucose to equilibrate across the membrane 
for 30 min at room temperature, the cells were centrifuged 
out of the suspension at top speed on the clinical 
centrifuge for 5 min, then 0.2 ml aliquots of the 
supernatants, and of the original label solutions, were 
counted for radioactivity in Aquasol. The intracellular and 
interstitial vclumes per ml of packed cells were calculated 


as follows: 


Sugar_ space (CPN/mi_label-CPM/ml_ Supernatant) 
sus ns 


ml suspension CPM/ml Supernatant 
intracellular volume _ 3-0-CH3-glucose_space-sucrose space 
ml packed celis = hematocrit 
Interstitial volume _ sucrose _spacethematocrit-1 
ml packed celis a hematocrit 


Transport measurements 


es) 


apid sampling method: A 10 ml Hamilton gas tight syringe 


(Hamilton 10101LT) was used aS a freaction vessel, and 


aliquots of 0.2 mi were expelled at various times with a 
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Hamilton repeating dispenser (Hamilton P16600), which 


delivers 1/750 of the total volume of the syringe each time 


the button is pressed. 


The apparatus was fitted with a water jacket to control 
temperature, constructed from acrylic plastic, and with an 
adjustable stcp on the repeating dispenser so that a 
reproducible vclume cf solvent could be rapidly sucked up. 
The reproducibility of the volume dispensed was determined 
by repeatedly dispensing aliguots of a solution of amido 
black 10B stain into 10 ml of water, then measuring the 


absorbance at 600nm of the resulting solutions. 


The efflux of permeants was initiated by rapidly 
sucking buffer into the syringe containing a small volume of 
a thick suspension of preloaded erythrocytes. To assess the 
efficiency of initial mixing with this procedure, the homo- 
geneity of the suspension created by sucking up buffer into 
a thick erythrocyte suspension was determined by delivering 
aliquots at various times, then lysing the cells and 


measuring the ccncentration of the hemoglobin released. 


To lyse the erythrocytes, 0.2 ml aliguots were 
dispensed inte 10 ml of oxygen-saturated buffer (SmM Nacl, 
SmM tris-HCl, pH=6.5), and the solutions were mixed at room 
temperature, then centrifuged for 20 min at 48,000Xg. The 
hemoglobin was assayed by the absorbance at 540nm of the 


supernatants (1&6). 
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D-Glucose efflux: fFrythrocytes were washed three times by 
suspending in buffer containing D—glucose at 5, 7, 10, 20, 
or 40OmM and incubating for 30 min at room temperature to 
allow equilibration of the glucose across the cell membrane, 
then centrifuging and aspirating the supernatant. The final 
suspensions, at hematocrits of approximately 40%, were then 
preloaded with labelled permeant by adding 0.8 ml of each 
suspension to an analytically insignificant amount of dry 
[14¢cC }-D—glucose and incubating for 45 min at room 
temperature. Tc measure efflux, preloaded cell suspensions 
were centrifuged briefly in the clinical centrifuge, then 
Supernatants were aspirated and 0.2-0.4 ml of packed cells 
were added to the Hamilton syringe and the plunger inserted 
far enough to expel all the air. Efflux was initiated by 
rapidly sucking up buffer containing the same concentration 
of unlabelled [-—glucose as is in the cell suspensions, thus 
diluting extracellular radioactivity. After discarding one 
aliquot, a zero time sample was added to quench solution 
immediately (within 4 seconds), and the timer started at the 
same time. Five more 0.2 ml aliquots were taken at 3 or 5 
sec intervals. The quench solution consisted of the complete 
suspending buffer, plus 1.25mM KI, 0.001mM HgC12 and 0.1mM 
phloretin (162). Three ml of this solution were layered over 
6 ml of dibutyl phthalate in 15 ml conical centrifuge tubes, 
and these tubes were kept at 0°C on ice. Within two minutes 


of sampling, the tubes were centrifuged at top speed on the 
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clinical centrifuge for 3 min. This caused the resolution of 


the components cf the mixture into an upper layer of cell- 
free aquecus medium, and a pelleted cell mass, separated by 
the dibutyl phthalate (103). To determine the amount of 
radioactive glucose released by the cells at various times, 
1 mil of the aqueouS supernatant was added to 10 ml of 
Aquasol and counted. The infinite time samples were obtained 
in duplicate for ¢ach reaction by adding aliquots of the 
reaction mixture to 3 ml of buffer layered over dibutyl 
phthalate, then centrifuging these tubes after a 1hr 
incubation at room temperature. The hematocrit of each 
reaction mixture was determined, after concentrating the 
suspension 3-fcld by centrifuging a measured volume, 
removing a volume of supernatant which was 2/3 as great, 


then resuspending the cells in the fluid remaining. 


Uridine efflux: The procedures for preloading cells and 
measuring efflux were the same as for glucose flux 
experiments. The concentrations of uridine were 90.2, 0.3, 
0.5, 1.0, and 4.0mM and sampling was done at 5 or 10 sec 


intervals. The quench solution used consisted of 0.05mmM 


6—[ (2—hydroxy-5-nitrobenzyl) thio ]guanosine in buffer (106). 
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Uridine passive flux 


We showed that uridine flux occurs by passive diffusion 
in the presence of 0.05mM 6—[ (2—hydroxy-5- 
nitrobenzyl)thic]guanosine (HTG), by demonstrating lack of 
saturability under these conditions. Erythrocytes in buffer, 
or kuffer containing added 4.5mM uridine, were preloaded by 
incubation for 30 min at room temperature with 0.02mM 
{1*¢C }uridine, then 0.25 volumes of 0.25mM HTG in buffer 
were added to €ach suspension to a final concentration of 
0.05mM. The cell suspensions were concentrated by 
centrifugation, and efflux at 379°C initiated by adding 2 aml 
of quench solution (0.05mM HTG in isotonic buffer), with or 
without 4.5mM uridine present, to 0.3 ml of preloaded cells. 
Aliquots of 0.2 ml of the reaction mixture were taken at 
various times up to 45 min and immediately added to 3 ml of 
ice cold quench solution layered over 6 ml of dibutyl 
phthalate and centrifuged. Portions of the aqueous 


supernatants were counted for radioactivity in Aquasol. 


Since no evidence of saturability was seen, the buffer 
solution routinely used for measurement of passive uridine 
flux contained 10mM inosine, rather than glucose. In one 
experiment, the rate of passive uridine uptake was also 
measured in order to verify that the apparent change in 
passive flux rate seen when membrane cholesterol is 
exchanged with other sterols was not an artifact resulting 


from a differential susceptibility of the two erythrocyte 
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preparations to lysis. Subsequently, only uptake of uridine 
was routinely measured. To measure passive uridine uptake, 
0.7 ml of cells suspended in isotonic buffer containing 
0.05mM HTG was incubated at 37°C with an equal volume of 
{14C }uridine in the same buffer. Aliquots of 0.2 ml were 
taken at OQ, 10, 20, 30, and 40 min into 3 ml of ice cold 
quench solution in 15 ml conical centrifuge tubes and 
immediately centrifuged for 1 min at top speed on the 
clinical centrifuge in the cold room. The supernatants were 
aspirated, and cells were washed 3 times by resuspending and 
recentrifuging. The hematocrit was determined on an aliquot 
of the reaction mixture, after concentrating the ceils by 
centrifugation and removal of part of the supernatant. To 
extract radioactivity from the cells, they were lysed by the 
addition of 0.75 ml of distilled water, followed by 
vortexing. Then 0.75 ml of 10% TCA (trichloroacetic acid) 
was added to each sample to precipitate the proteins and the 
tubes were spun for 10 min at top speed in the clinical 
centrifuge. Aliquots of 1ml of the supernatants were 


counted for radioactivity in 10 ml of Aquasol. 


Glucose efflux from liposomes 


The rate of diffusion of D-glucose out of liposomes 
prepared from erythrocyte membrane lipids was measured using 
a modification of the procedure outlined by Demel et al. 


(187). After extraction and column purification of lipids, 
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liposomes were prepared by vortexing the lipid under 
nitrogen with a 1 cm-diameter glass bead with 0.05 ml of 
300mM D-glucose per mg of lipid. The resulting suspensions 
were stored at 4°C overnight, then dialyzed at 49°C against 
70 ml of isctonic salt solution (75mM KCl, 72mM NaCl, 2mM 
Mg@t—acetate) for 5 consecutive 45 min periods, stirring by 
bubbling nitrogen through the salt solution. When the 
effects of anesthetics were determined, the anesthetic 
tested was present in both the glucose solution and the salt 
solution used for dialysis. The reaction mixture used for 
glucose determination contained 8.8 units/ml of hexokinase 
(Sigma type F~-300 sulfate-free), 0.9 units/ml of glucose-6- 
phosphate dehydrogenase (Sigma type XV), ImM ATP, 
Q0.5mM NADP, 75mM KCl, 72mM NaCl, 2mM Mg2+-—acetate and 
28mM tris-HCl, pH=8.0. The solution used for a reference 
contained all of these components except for NADP. The 
double-beam spectroprhotometer (Beckman model DB-—GT) was 
zeroed at a wavelength of 340nm with 2.0 ml of reaction 
mixture in the sample cell and reference solution in the 
reference cell. For the initial reading, 0.01 ml of liposome 
suspension was added to each cell and mixed, then the 
absorbance read after 5 min. The same reference was used, 
with fresh reaction mixture, for each subsequent reading. 
The liposome suspensions were incubated at 50°C, and a 
Sample removed for assay at 0, 20, 40, 60, and 80 min. After 
reading the aksorbance of the 80 min sample, 0.2 ml of 10% 


triton X—100 was added to both cuvettes to release all the 
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glucose remaining in the liposomes for the infinite time 
reading. This last absorbance was multiplied by 1.1 to 
correct for dilution. This assay system couples NADP 
reduction to oxidation of glucose-6-phosphate, so that the 
Change in abscrbance at 340nm due to the presence of NADPH 
is proportional to the amount of glucose accessible to the 
hexokinase. Since the lipid vesicles are impermeable to both 
enzymes, only extravesicular glucose is detected. Any 
glucose initially present because of incomplete dialysis is 
accounted for by subtracting the zero time absorbance from 
the other readings. The results are plotted as the % of the 
infinite time value vs time, which corrects for differences 


in the amount cf lipid, thus of trapped glucose, present. 


Analytical procedures 


Preparation of ghosts: Erythrocyte ghosts were prepared 
following the method of Dodge et al. (188). Cells were 
washed four times in 300mosM phosphate buffer, pH=7.4, 
aspirating the top layer of the pellet each time to remove 
all of the buffy coat. The washed erythrocytes were lysed by 
the addition of 19 volumes of distilled water, then 
centrifuged at 27,000Xg for 45 min after standing for 20 min 
at room temperature. The supernatant was carefully decanted 


and the membranes washed three times in 15mosM phosphate 


buffer, pH=7.4. 
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Lipid extracticn and fatty acid analysis: Because it has 
been suggested that heme pigments catalyze autoxidation of 
erythrocyte membrane lipids, lipids were extracted from 
ghosts rather than whole cells (189). All the solvents were 
deoxygenated immediatly before use by vigorously bubbling 
nitrogen through them for 5 min, and all operations were 
carried out under nitrogen or carbon dioxide. Lipids were 
extracted and purified by the methods described in Chapter 
II, with the additional precaution that samples were not 
taken completely to dryness during solvent evaporation and 
the vacuum was always released to nitrogen rather than air 


to avoid oxidation of the lipids. 


Sterol analysis: Purification of membrane sterols was 
carried out using methods described by Bruchovsky (190). For 
column chromatography, Mallinckredt No. 2847 silicic acid 
was used. Seven grams of this adsorbant were washed on a 
sintered glass funnel with 4 changes of 3N HCl, then with 
distilled water until the pH of the effluent was between 4 
and 5. After washing three times with acetone and drying 
under an infrared lamp, the silicic acid was activated at 
100° for 1 hr and packed in a 1 cm-diameter glass column in 
a slurry in chlcroform:methanol 4:1 (viv). The column was 
washed with 75 ml of this solvent, then 75 ml of chloroform. 
Erythrocyte memkrane lipid extract was applied in chloroform 


and eluted with 225 ml of chloroform, then the effluent was 


concentrated by evaporation of solvent for thin layer chrom- 
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atography. For TLC, Woelm Neutral Alumina was activated at 
150°C for 4 hr, then spread in a 0.25mm thick layer on a 
20X20 cm glass plate as a slurry of 17 g adsorbant in 20 al 
of water. The plate was dried at 37°C overnight before use. 
The column-purified lipid was applied in a line 10 cm long 
and standards of 0.02 mg each of cholesterol or cholest-4- 
en-3-one were also applied to the plate. The chromatogram 
was developed twice to within 3.5 cm of the top using cyclo- 
hexane:zethyl acetate 7:3 (vsv), containing 0.05% acetic 
acid. After staining the standards with phosphomolybdic 
acid, regions of the plate containing sterols were scraped 
off and the material eluted from the adsorbant with 
chloroform. The sterol content was analyzed by GLC at a 
temperature of 196°C on 3% QF—1 packed on Gas—Chrom Q (100- 


200 mesh) packed in a 210 cm X 3 mm glass column. 


Measurement of hematocrits: Hematocrits of erythrocyte 
suspensions were determined in capillary tubes using an 
Adams-Readacrit micro-hematocrit centrifuge and spinning for 
5 min. The values for independent determinations carried out 


on the same suspensicn varied by less than 1h. 
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Effect of HTG on saturability 


Figure 32 shows the time course of efflux of 
{?*C}uridine from erythrocytes in the presence of 0.05mM 
6-[ (2—hydroxy-5-nitrobenzyl) thio ]guanosine (HTG) at 379°C. It 
is seen that the efflux of labelled uridine is not affected 
by the presence of 4.5mM unlabelled uridine. This lack of 
Saturability was taken as evidence for the permeation of 


uridine by passive diffusion in the presence of 0.05mM HTG. 


Mixing efficiency in syringe reaction vessel 


Table VI shows the absorbances at 600nm of solutions 
prepared by dispensing aliquots of a concentrated dye 
solution into 10 ml cf water with the syringe and repeating 
dispenser apparatus. The reproducibility of the volumes of 
solution delivered by this apparatus is very good, with a 


standard deviation of less than 0.5% of the volume. 


Table VII shows the absorbance due to hemoglobin 
released from erythrocytes after mixing them with buffer, 
then delivering aliquots of the suspension into a _ lysing 
buffer at various times. The reproducibility seen (standard 
deviation < 1%) indicates that the suspension was quite 
homogeneous after mixing-——-that is, mixing was complete and 


settling of the cells did not occur to an appreciable extent 
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Passive Efflux of Uridine from Erythrocytes. | 
Erythrocytes preloaded with 0.02mM [14*C ]—uridine 


were incukated at 37°C in buffer in the presence 
of C.05mM HTG, with or without 4.5mM unlabelled 
uridine present. The radioactivity external to 
the cells was determined after adding to ice cold 
quench solution at the times shown. 

o—-o, control (0.02mM); o-oo, 4.52mM uridine 
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HOMOGENEITY OF CONTENTS OF SYRINGE AFTER MIXING 


TABLE VII 
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within 3 min. In the lysing buffer used, a plot of 
absorbance at 540nmr vs amount of cells added was linear up 
to an absorbance of at least 1.4, so solubility of the 


hemoglobin was not a limiting factor. 


Effects of anesthetics on permeabilities 


The effects of 100mM ether and of 50mM procaine 
hydrochloride on the efflux of D-glucose from liposomes 
formed from human erythrocyte membrane lipids are shown in 
figure 33). Both of these anesthetics increase the 
permeability cf liposomes to glucose, presumably by 
increasing the fluidity of the hydrocarbon interior of the 
bilayer. The fact that the first experiment (a) gives 
straight plots, while the second (b) gives curved plots nay 
be due to some differences in the geometry of the liposomes, 
as they were prepared from different lipid extracts on 
different days. Within each experiment, however, the 
liposomes used with anesthetic and the control liposomes 
were prepared at the same time under exactly the same 
conditions. Because only lipids are present, the differences 
in permeability seen can be considered to be due to 
fluidization of the lipid region. The effects of these 
anesthetics on the uptake of [1!4C}uridine in human 
erythrocytes by passive diffusion is shown in figure 34. It 
is obvious that both ether and procaine increase the 


permeability cf the membrane to uridine under these 
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Figure 33. Effect of 190mM Ether and of 50mM Procaine-HCl 
on Glucose Efflux. 
Liposomes formed in the presence of 300mM glucose 
were incubated at 50°C, and the amount of glucose 
that had escaped measured at 20 min intervals by 
determining the absorbance at 340nm of NADPH pro- 
duced by the reduction of NADP coupled to oxid- 
ation of glucose-6-phosphate. 
(a) o-o, control; o—o, 100mM ether 
(b) c-—o, control; x—x, 50mM procaine-HCl 
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Effects cf Ether and Procaine-HCl on Passive 
[41*c]-Uridine Uptake by Erythrocytes. 
Erythrocytes were incubated at 37°C with [1*C]- 
uridine in the presence of 0.05mM HTG in the 
presence cr absence of anesthetic. 

X-X, control; o-n, 50mM procaine-HCl; o-o, 100mM 
ether. 
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conditions. 


Figure 35 is a Lineweaver-Burk plot of D-glucose 


equilibriun exchange efflux from erythrocytes in the 
presence and aksence of these anesthetics. The values for Kn 
and Vm obtained from the reciprocals of the intercepts are 
55.6mM and 100 micromoles/min/ml packed cells for the 
control, and 55.6mM and 73.5 micromoles/min/ml packed cells 
in the presence of 100mM ether. Thus, it appears that ether 
does not alter the affinity of the carrier for glucose, but 
reduces the maximum velocity. This is the opposite effect to 
what might be expected solely on the basis of the effect of 
ether on the lipid phase, since it seems to increase its 
bulk fluidity. In the presence of 50mM procaine-HCl, both 
the Km and the Vm are infinite; in other words efflux is 
occurring by a non-saturable process (passive diffusion). It 
seems that procaine inhibits facilitated diffusion, but at 
the same time increases the passive flux of glucose to a 
level comparahkle to the facilitated diffusional flux 


obtained in the absence of this anesthetic. 


Figure 36 shows the equilibrium exchange efflux for 
uridine in the presence and absence of ether and procaine, 
with an inset Lineweaver-Burk plot of flux in the control 
and in the presence cf 100mM ether. Although the data _ show 
relatively large deviations from linearity on the 
Lineweaver-Burk plots, it can be seen that the effects of 


these anesthetics cn uridine flux are similar to their 
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Figure 35. Effects of Ether and Procaine-HCl on D—Glucose 
Equilibrium Exchange Efflux. 
Efflux rates were determined at 15°C as described 
on pages 126-127. 
x-x, control; o-no, 50mm procaine-HCl; o-o, 100mM 


ether. 
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0.4 0.8 12 | 1.6 20 


[URIDINE] (mM) 


Effect of Ether and Procaine-HCl on [1*C]-Uridine 
ELfLine trop Erythrocytesc. 


Efflux rates were determined at 15°C as described 
in Methods. Inset=Lineweaver-Burk Plots. 

x—-x, control; a—c, 50mM procaine-HCl; c—o, 100mm 
ether. 
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effects on glucose flux. No unequivocal change in rate is 
seen with 100mM ether, but 50mM procaine strongly inhibits 
flux. This inhibition is more noticible than in the case of 
glucose, since the component of uptake which is mediated is 
apparently much greater for the uptake of uridine than of 
glucose. This means that compensation for the inhibition of 
facilitated diffusion by faster passive flux in the presence 
of procaine is much less significant. The values of Km _ and 
Vm obtained from the Lineweaver-Burk plot of these data are 
0.59mM and 1.6 micromoles/min/ml packed cells in the 
control, and 0.81mM and 2.0 micromoles/min/ml packed cells 
in the presence of 100mM ether. Because of the quality of 
the data, it is difficult to say whether or not these values 


really differ significantly from each other. 


Effects of sterol exchange on permeabilities 


In contrast to the results presented by Bruckdorfer et 
al. (109), exchange of cholest-4-en-3-one for membrane 
cholesterol often made the cells so fragile that they all 
lysed upon subsequent manipulation. This effect was rather 
irreproducible from one batch of erythrocytes to the next; 
conditions which induce cell lysis in one case barely 
changed the passive permeability in another. For this 
reason, the passive permeation of the cells by uridine was 
determined in each experiment to serve as a control to 


demonstrate that a significant alteration in membrane lipid 
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fluidity had actually been achieved. 


Figure 37 shows the effects of exchange of cholest-4- 
en-3-one for membrane cholesterol on the passive uptake and 
efflux of [14C]—uridine. It is obvious that incubation of 
the cells with cholest-4-en-3-one increases the rates of 
both uptake and efflux of uridine, as compared to incubation 
with cholestercl, thus the apparent alterations in rate are 
not artifacts due to altered membrane Pragiulicy. 
Subsequentiy, cnly uridine uptake was determined for the 


controls. 


Figure 38 shows the effect on passive uridine flux of 
incubating erythrocytes with 12 mg of cholesterol plus 12 ng 
of cholest-4-en-3-one per 30 mg of lecithin for 2 hr at 
37°C. Control cells are incubated with cholesterol plus 
lecithin. Figure 39 is a Lineweaver-Burk plot of D-glucose 
equilibrium exchange efflux in these same cells. By 
measuring the slopes of the tangents to the curves in figure 
38 at zero time, it is determined that the initial rate of 
uptake of uridine in the cells incubated with cholesterol is 
only about 65% cf the rate in those incubated with cholest- 
4“-en-3-one. However, the values of Km for glucose flux are 
approximately the same in both groups (33.3mM) and the value 
for Vm is actually about 15% smaller for cells incubated 
with cholest-4-en-3-one (75 micromolesymin/mg packed cells 


vs 90 micremoles/min/ml packed cells for the control). 
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Figure 37. Effects of Sterol Exchange on Passive Fluxes. 
Erythrocytes were incubated at 37°C for 6.5 hr 
with sonicated dispersions of 12mg cholesterol 
plus 20mg of lecithin, or 12mg cholesterol, 10mg 
cholest-4-en-3-one plus 20mg lecithin. Determin- 
ations of uridine flux at 37°C were carried out 
in the presence of 0.05mM HTG as described on 
page 131. ; 

(a) =uptake, (b)=efflux 
x—-x, Cholesterol; o—o, cholest-4-en-3-one. 
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Figure 38. 
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Effect of Sterol exchange on Passive Flux. : 
Erythrocytes were incubated for 2 hr at 37°C with 


sonicated dispersions or 12 mg cholesterol plus 
lecithin or cholesterol and 12 mg cholest-4-en- 
3-one plus lecithin and rates of uptake of 
uridine at 37°C were determined in the presence 
of 0.05mM HTG. 

x-x, cholesterol; 0-0, 2 mg cholesterol plus 
20 mg cholest-4-en-3-one!' 
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Figure 39. Effect of Sterol Exchange on Glucose Efflux. 
Rates of equilibrium exchange efflux of D-giucose 


from the same sterol-exchanged erythrocytes as 
shown in figure 38 were determined at 15°C. 
x-x, Cholesterol; o-o, cholest-4-en-3-one. 


tie ars a asin 


ee 


152 


Figures 40 and 41 show the effects on uridine passive 
flux, and on uridine equilibrium exchange efflux, of 
incubation of erythrocytes for 4 hr at 37°C with cholesterol 
plus lecithin, or cholesterol and cholest-4-en-3-one plus 
lecithin. Also included in these data are a control using 
cells which have not been incubated with sterol-lecithin 
mixtures. Analysis oe membrane sterols of cells used in this 
experiment showed that approximately 13% of the cholesterol 
of the membrane was exchanged for cholest-4-en-3-one under 
the conditions used. It is seen in figure 40 that incubation 
of the erythrocytes with cholesterol decreases their passive 
permeability, and that cholest-4-en-3-one increases passive 
permeability, with respect to untreated cells. The behavior 
shown in figure 41, a Lineweaver-Burk plot of uridine efflux 
rates, is slightly more complex. The effects of incubation 
with sterols are summarized in Table VIII. The Km is 
increased by incubation with cholesterol, but not 
significantly affected by incubation with cholest-4-en-3- 
one. The Vm is decreased by incubation with both sterols, 
with cholestercl alone causing a smaller decrease than in 


the presence of both sterols. 
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Figure 40. 
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Effect of Sterol Exchange on Passive Uridine Flux. 
After. exchanging.,mwenbrane cholesterol » at 537°C 
for 4 hr with sterols bound to egg lecithin, cells 
were incubated at 37°C with [14C}+uridine in the 
presence of 0.05mM HTG. 

x-—x, cholesterol; o—n, control; o-o, cholest-4- 


en-3-cne. 
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Figure 41. Effect of Sterol Exchange on Uridine Equilibrium 
Exchange Efflux. Lineweaver-Burk Plot. 


After exchanging membrane cholesterol for sterols 
bound to egg lecithin, the rate of [(1*C)}—uridine 
efflux at 15°C was determined at various uridine 
concentrations. 

x—-x, cholesterol; o-no, control; One cholest-4- 
en-3-one. 
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TABLE VIII 


EFFECTS OF INCUBATION WITH STEROLS ON Km AND 
Vm OF URIDINE EQUILIBRIUM EXCHANGE EFFLUX 


freer @ ew ewe ew @ @ = @ @ @ @ Oe @ @ @ ew ow we Ow ww we we ew Ow ew we ew we we OO a ww Oo we ww we ww we we ew ae owe oe = 


Sterol exchanged Km (mM) Vm (pmole/min/nml) 
Centrol teal 34,6 
Cholesterol 240 226 


Cholest-4-en-3-cne 120 Neve 
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iV Discussio 


The data in this chapter suggest that facilitated 
diffusion of uridine and D-glucose in human erythrocytes is 
not directly dependent on membrane lipid fluidity, as 
increasing the fluidity by adding anesthetics or by 
exchanging cholest-4-en-3-one for cholesterol does not seem 
to increase Vm of these processes. This statement, however, 
must be qualified. The anesthetic, procaine-HCl, is strongly 
inhibitory to the facilitated diffusion of both permeants, 
so no information on the effect of fluidity on facilitated 
diffusion could be oktained using it. Ether causes a small 
decrease in Vm for glucose flux, and no detectable change in 
Vm for uridine flux. It is possible, however, that these 
facilitated diffusion rates are dependent on the lipid 
fluidity, but that the increase in rate with ether caused by 
enhanced fluidity is compensated for by a partial inhibition 
by ether acting directly on the transport protein. The fact 
that ether does not appear to change the values of Km 
significantly argues against an inhibitory effect, but is by 
no means conclusive, particularly in view of the fact that 
the equality °of ‘the,sdata does” “not allow a precise 
determination of KM. It would be a rather unusual 
coincidence, however, if the inhibition of both transport 
proteins by eéther exactly balanced the enhancement of flux 
due to increased lipid fluidity. The most reasonable 


interpretation seems to be that these processes are not 
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dependent on lipid fluidity and that ether does not strongly 
inhibit them. This finding is not in agreement with the 
postulated generalization that anesthetics invariably 


inhibit facilitated diffusion (165). 


When erythrocytes were incubated with sterols to 
exchange them with membrane cholesterol, cholesterol-loaded 
membranes had pai 65% as great a passive permeability as 
did cholest-4-en-3-cne-loaded membranes, but the Kms for 
giucose flux were the same and Vm was slightly lower in the 
cells with higher passive permeabilities. The difficulty in 
the interpretation of this finding is that passive 
permeabilities were measured at 37°C, but facilitated 
diffusion was at 15°C. The effect of cholesterol is to 
decrease lipid fluidity at temperatures above Tc, but to 
increase fluidity below Tc, so the effect on fluidity may be 
minimal at the transition temperature (191,192). It has been 
found that a change in slope of the Arrhenius plot of 
exchange transport of D-glucose by human erythrocytes occurs 
at about 20°C (193). A non-linearity is also seen in plots 
of viscosity of human erythrocyte membrane suspensions vs 
reciprocal temperature at 18-19°C (194). This has been 
interpreted as being due to a phase transition in the 
membrane lipids. It is not clear why a phase transition 
should be seen in erythrocyte membranes, having 40 mole% of 
their lipid as cholesterol, since this amount of cholesterol 


is sufficient to abolish the phase transitions in pure 
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phospholipids, as detected by DSC (5,211,195), by NMR (20), 
or by fluorescence polarization (84). If, however, the 
postulate that a phase transition of erythrocyte membrane 
lipids occurs near 20°C is accepted, then it seems likely 
that changes in memktrane sterol composition which cause 
marked alterations in fluidity at 37°C may have little or no 


effect on fluidity at 15°C, 


The results obtained for uridine transport are subject 
to the same qualification. In addition, the possibility of 
some type of direct interaction of the transport protein 
with sterols is suggested. Incubation of the erythrocytes 
with cholesteroi-lecithin mixtures increased the Km for 
uridine flux. The same effect of cholesterol loading on Km 
for glucose transport was seen by Masiak and LeFevre, and 
they attributed it to steric hindrance or otherwise altered 
accesibility (196). They found that the removal of about 8% 
of the membrane chclesterol increased glucose transport 
rates, but as more cholesterol was removed inhibition 
resulted. This inhibition could be relieved by substituting 
some other sterols for cholesterol, but 3-ketosteroids were 
ineffective. My results with uridine transport show af 
decrease in Vm caused by incubation with either sterol, 
although cholesterol inhibits passive flux at 37°C, while 
the two sterols together stimulate it. It is possible to 
that the decrease in Vm on incubation with cholesterol is 


due to a decreased fluidity resulting from cholesterol 


|) ae ‘ibeqabll homed” ‘ waipsdigaw it 


ect 
rr AMG 
eg ‘ ¥ 
Me 
7 gi 
Caer man 
\ ¥ ne 
pa diiiee 9 
yo. hey ine 
‘9 45 
tow 1 fe 
‘. Wor an 
Le 2a te 
bop ly aoe 
a5 wi 6 
Li Oss 75 
i j 
lovesne len 


ony Mone OVS ye ws taita yt 


OTe. a4e ute wviedny 4) hdedn ‘pea 
bag F 2) etiaeay & esntvalie Teitigo ree 7 

( ' eA 
peleds | deca e) rox ens at nihigy ib shu spen 6 “y d 


od 4 (ter cod pant eit 
wh, kd + 8 fottwmnqecag):’ 


sad & agnael nk eds sania 


<a 


vet sad SORE ee a ekuts we 


oped? aalkitew aaR Bomtns de 
‘ id sees 2a eae A eolese 


i2 7 Os iy he sSk tie rng AE shat a is 
3. at elit -ssdtenaiiat sbi 
‘ ’ : igh ie a asain AB at: 


OL fovea Dr bd baal aca 


‘ah, Pye 7 rl 
Sila sh Wer, age ain ane 


& ve eek Dis) a “s 


, 
WTS 


o cowie odd Od ‘orient ye ao shi 


byes E o- ) 
woth . Behe eens bot Sao tls ah : 
a) 
‘Mevomet py rey ee ih | van “wine ‘ 
ss, Chi Sepa foiled Sti: otha edt 
*Ta0%S 438 Fudd iwi fas Rote 1c ‘eho secd 
} 


1010 wy wm ) Sas Abeta: Htt4 okt gh) 2 *. 


(vis eM vevksplbtvomd | ee beepies av ak 
¢ ’, 


Ae 


> grad silt kate ea brad a or 


155 


loading, while the decrease on incubation with cholesterol 
and cholest-4-en-3-cne together is due to depletion of 
cholesterol, which is replaced by the 3-ketosteroid cholest- 
4-en-3-one, resulting in some specific effect on the 
transport protein. In this regard, the results obtained by 
Noguchi and Freed with membrane Nat,Kt-ATPase from rat brain 
establish a precedent for a specific requirement for 
cholesterol to activate membrane enzymes (197). They 
extracted all the lipid from this enzyme with organic 
solvents at -75°C, then fractionated the lipids and added 
various fractions back to the enzyme. Only cholesterol was 
able to restore the activity of the lipid-depleted enzyme as 
effectively as the total lipid; recovery with any other 


fraction was less than 25%. 


In summary, the results in this chapter suggest that 
rates of facilitated diffusion of uridine and D-glucose are 
not affected by aiteration of membrane lipid fluidity. fThis 
apparent insensitivity to fluidity could be questioned, 
however, on the basis of lack of alteration of fluidity by 
sterol exchange at the assay temperature, and specific 
effects on the transport proteins of the fluidity-perturbing 


agents. 
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CHAPTER V 


URIDINE AND 3—O—METHYL GLUCOSE TRANSPORT IN RAT ERYTHROCYTES 


i Introduction 


Another possible approach to varying the lipid fluidity 
of erythrocyte membranes is the dietary manipulation of 
fatty acid composition. It has been shown that the fatty 
acid composition of total lipids from rat erythrocyte 
membranes can be altered by varying the amount of the 
essential fatty acid, linoleic acid (18:2cc), supplied in 
the diet (198-200). The most significant alterations seen by 
Walker and Kummerow (198,199) were in oleic (18:1) and 
eicosatrienoic (20:3) acids, which were increased with 
restricted lincleic acid intake, and in linoleic (18:2) and 
arachidonic (20:4) acids, which were decreased. Similar 
effects were seen by Jager and Houtsmuller (198), except 
that they reported little change in the arachidonic acid 
content. Both groups saw slight increases in lauric (12:0), 
myristic (14:0), and paimitoleic (16: 1c) acids with 
restricted lincleic acid intake. The effects of these 
alterations on passive permeabilities, or lipid fluidity, 
are not straightforward. Essential fatty acid deficiency was 
seen by Walker and Kummerow to be associated with a more 
rapid hemolysis in isotonic glycerol, thiourea, or 
triethylene glycol (199). They have interpreted this as 


indicating an enhanced permeability of the erythrocytes from 
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this group, and have suggested that 5,8,11-eicosatrienoic 
acid, which is found only in essential fatty acid-deficient 
rat erythrocytes, may have a greater fluidizing effect than 
arachidonic acid (5,8,11,14-eicosatetraenoic) because of a 
greater cross-secticnal area when incorporated into 


phospholipids arranged in a bilayer. 


Jager and Houtsmuller also found a faster hemolysis in 
isotonic thiourea fer erythrocytes from essential fatty 
acid-deficient rats (198). They note, however, that the 
curve of optical density vs time in the hemolyzing solution 
is divided into two phases. In the first part of the 
process, during which hemolysis takes place, the change in 
optical density is due to the osmotic swelling of the 
erythrocytes, and is truly a measure of permeability. No 
differences between different groups of rats were found in 
this region of the curves, thus permeabilities seem to be 
unaltered. The variations seen in actual hemolysis times may 
be due to differences in membrane fragility or critical 
hemolytic volume. In this regard, it has been shown by other 
investigators that hemolysis times, while related to the 
permeability of the substance in which hemolysis is carried 


out, also are dependent on other factors (201-203). 


Chen and co-workers formed multilammelar bilayer 
vesicles in the presence of 300mM D-glucose from lecithins 
extracted from membranes of internal organs from normal and 


essential fatty acid-deficient rats €130).4 Using “a 
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spectrophotometric assay, which coupled NADP reduction to 


oxidation of glucose-6-phosphate formed from extravesicular 
glucose, they measured the glucose efflux from these 
vesicles. The permeability of vesicles from normal rats was 
significantly higher than essential fatty acid-deficient 
rats. The applicability of this finding to the present 
problem, however, is questionable because only lecithin was 
used, and because other cell types than erythrocytes were 


used. 


The experiments to be reported in this chapter involved 
the alteration of fatty acid composition of rat erythrocyte 
membranes by feeding with defined diets containing either 
triiinolein Or a saturated triglyceride, and the 
determination of the effects on transport parameters of 
these alteraticns. Facilitated diffusion was investigated 
using the uridine and 3-OQ-methyl glucose systems, and 
passive diffusion was assessed by the giucose permeability 
of liposomes, measured by the assay procedure used by Chen 


et al. and Demel et al. (30). 
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Diet formulation 


A defined diet, designed to meet the NRC requirements 


for the rat (204), contained the following per kilogram of 


food: 


220 g Casein, 470 g glucose, 48 g celluflour, 60 g salt 
mixture, 6.6 g vitamin mixture, 200 g fat (tripalmitin, 
tristearin, or safflower oil), 5 mil choline chloride 
solution? (120*¢71ty" Yand" 11.25 a1 vitamin B12 solution 


(20 mg/l). 


The specified composition of the safflower oil was 70- 
76% linoleic acid (18:2), 16-23% oleic acid (18:1), 0-0.3% 


linolenic acid (18:3) and 6.5-7% saturated fatty acids. 


The vitamin mixture was made up as follows: 100 ng 
thiamine HCl, 100 mg riboflavin, 500 mg niacin, 400 mg 
calcium pantothenate, 50 mg pyridoxine HCl, 2 mg biotin, 
10 mg vitamin K, 207-G vitamin A (10,000 IU/g), 85 g 
vitamin D (750,000 IU/lb), 20 g vitamin E (20,000 IU/lb) and 


5 g ethoxyquin. 


The salt mixture contained 341 g KH2PO4, 250 g iodized 
NaCl, 48.8 g MgSO4, 6 g FeC1l2e4H20, 1.57 g CuSO4e5H20, 1.2 g 
MnSO4eH20, 0.12 g ZnO, 0.03 g (NH4)6M07024e4H20 and 300g 


Caco3. 
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This diet was formulated with the advice of Dr. R. 
Renner, Dept. of Household Economics, University of Alberta, 


who also supplied some of the constituents. 


Metabolism of permeants 


To verify that the permeants used were not metabolized 


in rat erythrocytes, cells were incubated at 37°C for 30 min 
with [1!4C]}-uridine or 3—O-methyl glucose, then the chemical 
distribution of radioactivity inside the cells was analyzed 
by paper chromatography. The same buffers and quench 
solutions as described in Chapter IV for human erythrocytes 
were used for investigating metabolism and measuring 


transport. 


For analysis of metabolic products of [!%*C }uridine, 
0.1 ml of cell suspension at a hematocrit of about 35% was 
incubated with 2 microCuries of uridine. After 30 min at 
37°C, 1ml of 11% TCA was added and the mixture was placed 
in a boiling water kath for 2 min. After freeze-thawing 
three times, the tube was centrifuged at 12,000Xg for 
15 min. The clear supernatant was removed and extracted four 
times with 3 ml of diethyl ether to remove TCA. After 
evaporating the last traces of ether from the extract ina 
warm water bath, it was lyophylized to dryness and the 
residue taken up in 0.1 nl of. water. Duplicate 0.02 nl 


aliquots of this extract were spotted onto Whatman No. 1 
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paper and chromatographed with standard compounds using 
solvent 28 (1N ammonium acetate, pH=5.0:95% ethanol 3:7 


(v:v)) or solvent 30 (n—butanol:water 6:1 (wsv)) (205). 


Metabolism of 3-O-methyl glucose was investigated by 
incubating 0.2 ml of a cell suspension having a hematocrit 
of about 25% with 0.14 micro-Curies of [1*C }3-O-methyl 
glucose at a final concentration of 0.13mM at 37°C. After 
30 min, the cells were washed three times in 3 ml of ice 
cold quench solution, then radioactivity extracted from the 
pellet by vortexing with 1.5 ml of distilled water. Protein 
waS precipitated by adding 0.15 ml of 0. 15M barium 
hydroxide, then 0.15 ml of 5% zinc sulfate and centrifuging 
in the clinical centrifuge at top speed for 10 min (206). 
The supernatant was removed and solvent evaporated as an 
azeotrope with 3 volumes of 2—propanol and the residue taken 
up in.0.1 ml of water (207). An aliquot of 0.08 ml of this 
was spotted on Whatman No. 1 paper, along with standards, 


and chromatographed using solvent 28. 


Transport measurements 


3-O0-Methyl gluccse uptake: The rate of uptake of 3-O-methyl 
glucose was measured by incubating cell suspensions at 
hematocrits of about 40% in isotonic buffer (page 122) 
containing incsine, with 0.5 to 50mm [14C}3—0O-methyl 


glucose, at 37°C. Aliquots of 0.2 ml were taken at 15-30 sec 
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intervals up to 2.5 min and added to 3 ml of ice cold quench 
solution, then washed three times by centrifuging and 
resuspending the pellets in ice cold quench solution (0. 1mM 
phloretin, 0.001mM HgC12, 1.25mM KI in buffer) (page 122). 
zero time samples were obtained by adding cells and label 
solution directly tc the quench solution without prior 
mixing. Radioactive material was extracted by adding 1.5 ml 
of distilled water tc the pellets and vortexing. Protein was 
precipitated by the addition of 0.15M barium hydroxide, then 
5% zinc sulfate and centrifuging for 5 min at top speed on 
the clinical centrifuge. One ml aliquots of supernatant were 
counted for radioactivity in Aquasol. The final 
concentrations of 3-O-methyl glucose in the reaction 
mixtures are calculated from the initial concentrations of 
label and the hematocrits by considering the label to be 
diluted into the extracellular space (1-hematocrit plus the 
pellet interstitial volume). 

Uridine equilibrium exchange efflux: Cells washed in 
isotonic buffer containing glucose were equilibrated with 
0.2mM, 0.5mM, 1.0mM, or 2.0mM uridine in the Byes buffer by 
incubation at 37°C for 45 min with 8 ml of these solutions. 
After repeating this procedure three times, cell suspensions 
having hematocrits of about 30% were preloaded by incubation 
for 1 hr at 37°C with an analytically insignificant amount 
of dry [!*C]-uridine. The preloaded cells were concentrated 


by centrifuging and removing the supernatants, then efflux 
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was initiated by rapidly adding 2 ml of the appropriate 
uridine solution to 0.15 ml of preloaded cells in tubes in a 
37°C water bath, while mixing with a magnetic stirrer. 
Aliquots of 0.2 ml of the reaction mixture were taken into 
3 ml of ice cold quench solution (0.05mM HTG in buffer) (page 
122), layered over 6 ml of dibutyl phthalate at 30 sec 
intervals and immediatly centrifuged. One ml aliquots of the 
Supernatants were counted for radioactivity in Aquasol. 
Initial rates were calculated using the integrated form of 
the first-order rate equation as described for human 


erythrocytes in Chapter IV and Appendix 2. 


Swelling rates in glycerol 


The rate of change of the reciprocal of absorbance at 
824nm was measured at 37°C as described for A. laidlawii in 
Chapter III, under conditions similar to those used by 
Bruckdorfer*"et “al. (171). Erythrocytes were washed and 
suspended in 140mM (280mosM) NaCl in 20mM Tris-HCl, pH=7.2. 
The solution used for the swelling measurement contained 


168mM (168mosM) glycerol, and 56mM (112mosM) NaCl in 20mM 


tris-ACl, pH=7.2. 


Analytical procedures 


The preparation of ghosts and the extraction and GLC 


analysis of memkrane lipids were carried out as described in 


Chapters II and IV. Extra- and intra-cellular volumes of 
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erythrocyte suspensions were calculated from the 
{14*C}-sucrose and 3—O-methyl glucose spaces as described in 
Chapter IV. The preparation of D—glucose-loaded liposomes 
and the measurement of rate of glucose efflux from them is 


described in Chapter IV. 


Metabolism of permeants 


The chromatographic patterns which are obtained from 


extracts of rat erythrocytes incubated with [%*C} uridine or 
3-—O-methyl gluccse are shown in figures 42 and 43. It is 
seen in figure 42 that metabolic alteration of uridine is 
extremely slow in these cells, if it occurs at all. While 
cleavage to uracil could not be completely discounted 
because of lack of resolution of these two compounds, it 
seems that most of the radioactivity is still present as 


uridine after 1 hr at 37°C. 


Figure 43 shows a lack of metabolism of 3-O-methyl 
glucose under the same conditions. The early peak, which 
constitutes less than 5% of the radioactive material inside 
the cells, could indicate a slight amount of 
phosphorylation, but it could also be due to contamination 
of the labelled 3-O-methyl glucose with a compound having 


this Rf, or with some other metabolizable substance such as 
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Figure 42. Metabolism of [1*C]—Uridine by Rat Erythrocytes. 
After 30 min incubation of rat erythrocytes with 
[14*C }-uridine, counts were extracted and chromat- 
ographed with solvent 30 (a), or solvent 28 (b). 
The positions of standards are indicated by the 


brackets. UMP and UDP remained at the origin in 
solvent 30. 
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Figure 43. 


DISTANCE FROM ORIGIN (cm) 


Metakolism of [14*C}3-0O-Methyl glucose by Rat 
Erythrocytes. 

After 39 min incubation of rat erythrocytes with 
(14C}3-O-methyl giucose, cells were washed and 
counts extracted and chromatographed using sol- 
vent 28. The bracket indicates the position of 
stancard 3-0-methyl glucose. 
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Effects of diet on lipid fatty acid compositions 


The fatty acid compositions of erythrocyte membrane 
lipids of two littermate rats, which were fed tripalmitin- 
or safflower cil (trilinolein)-supplemented diets for 13 
months, are shcewn in Table IX. In general, these results 
confirm those reported by Walker and Kummerow (197,198) on 
the effect of diet on erythrocyte fatty acid composition. 
Restriction of the amount of linoleate present in the diet 
leads to significantly elevated levels of 18:1c, 16:1, and 
20:3, and to depressed levels of 18:2 and 20:4. A slight 
elevation of 12:0 and of 14:0 is also seen, but the level of 


16:0 is nearly the same in both groups. 


The average fatty acid chain length is exactly the same 
in the two rats, and the average number of double bonds per 
fatty acid molecule does not differ significantly. This 
suggests that there must be compensatory metabolic 
mechanisms which prevent changes in erythrocyte membrane 


lipid fluidity in the rat. 


Efflux of glucose from liposomes 


Figure 44 shows the rates of efflux of D-glucose at 
50°C from lipcsomes prepared from erythrocyte membrane 


lapids of ratew fed safflower oil- and tristearin- 
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TABLE IX 


FATTY ACID COMPOSITION OF RAT ERYTHROCYTE MEMBRANES 


ere em mM mem mwemem memo ewe em meme ewe wre mew @wo ee OMe me @ ow @ em em ee ww wwe we ew ome ewe ow we ow ow oe 


Retention Prokable Rat 1 (16:0) Rat 2 (18:2). 
Time (sec) Identity Wt % Mole % Wt % Mole % 
RECT De ek 1 ee ae en Gate oe 
79 12:1 DAS 3.6 1.9 2.6 
122 14:0 10.4 2.5 722 8.8 
198 16:0 23.9 26.0 23.3 25.4 
227 16:1 6.4 17.0 --- --- 
330 18:0 8.3 8.2 1550 14.8 
376 18:1 1250 16.8 9.0 8.9 
460 1832 1.0 --- 1030 10.0 
832 20:3 G2 ests --- --- 
1013 20:4 9.4 8.7 17.8 1655 
1182 20:5 6.1 Bal SAF) 3.4 
1499 24:0 --- --- 2.4 1.8 
1605 2255 0.9 --- 1.9 126 
1819 22:6 0.5 --- 0.2 --- 
2126 ? 1.6 --- --- --- 
eae PRES BES Le ea ed cee ee oe ee 
Average chain length: Rat 1=16.7 Rat 2=16.7 


Average double bondsyf.a. molecule: Rat 1=1.13 Rat 2=1.15 
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Efflux of Glucose from Rat Erythrocyte Liposomes. 
Lipcsomes were prepared from erythrocyte membrane 


lipids and efflux of glucose at 50°C measured by 
coupling glucose-6-phosphate oxidation to NADP 


reduction. 
o-o, Rat fed 18:2; x—-x, Rat fed 18:0 
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supplemented diets. There is no significant difference 
between the slopes of these two curves, which supports the 
suggestion from the fatty acid analysis that the erythrocyte 
compensates metabolically for dietary alterations to 


maintain a constant membrane lipid fluidity. 


Swelling rates in glycerol 


When rat erythrocytes were incubated at 37°C in 
glycerol-saline solutions, the tracings obtained of 
j1/fabsorbance vs time were biphasic. A short, initial period 
with a slow change in absorbance, due to swelling, was 
followed by a rapid change due to lysis. Because of the 
short duration of the initial phase, reliable estimates of 
the slope could not be obtained. The slopes from the 
steepest part of the curves confirm the observations of 
Walker and Kummerow (199), and of Jager and Houtsmuiler 
(200), that erythrocytes from essential fatty acid-deficient 
rats undergo faster hemolysis. The rates seen are 
4&.77+0.28 hsec—! for 16:0-fed rats and 2.12+0.17 hsec-! for 


18:2-fed rats. 


Facilitated diffusion rates 


Figures 45 and 46 are lLineweaver-Burk plots of the 
rates of 3-O-methyl glucose uptake and of uridine 
equilibrium exchange efflux in erythrocytes from rats fed 


trilinolein-supplemented and essential fatty acid-deficient 
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diets. Figure 45, showing 3-O-methyl glucose uptake in two 
littermates fed diets with defined lipid compositions for 13 
months, shows ne significant difference in transport between 
the two rats. The values obtained for Km and Vm are 20.8mM 
and 0.90 micro-molesymin/ml packed cells for the essential 
fatty acid-deficient (16:0) rat, and 25.6mM and 0.86 micro- 
moles/min/ml packed cells for the control (18:2) rat. Figure 
46 shows that there is also no perceptible difference in 
uridine equilibrium exchange efflux between the two rats. 
The lines drawn on this plot give values for Km and Vm of 
0.96mM and 0.23 micro-moles/min/ml packed cells for the 
essential fatty acid-deficient rat, and 0.77mM and 


0.21 micro-moles/minyml packed cells for the control. 


Effect of HTG on uridine uptake 


Figure 47 shows the uptake of radioactive uridine at 
0.15mM in the presence of 0.05mM 6-{ (2-hydroxy-5- 
nitrobenzyl)thiojguanosine (HTG), with and without added 
unlabelled uridine to a concentration of 6.7mM, and in the 
absence of HTG with 4.7mM unlabelled uridine present. The 
results in the presence and absence of HTG are not strictly 
comparable because the erythrocytes used were from different 
rats and the lakelled solutions and detailed experimental 
conditions were not identical. For this figure, however, the 
results have been ncrmalized to account for different label 


specific activities, different reaction mixture and sampling 
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V/[3-O-METHYL GLUCOSE] (mM-') 


3-O-Methyl Glucose Uptake by Rat Erythrocytes. 
Cells were incubated at 379C with [14C ]-3-0- 


methyl glucose at various concentrations and the 
uptake stopped at 30 sec intervals by taking 
aliquots into ice cold quench solution. 

o—-o, 16:0-fed; o-u, 18:2-fed. 
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Figure 46. 


V/RATE (pmoles/min/ml packed cells) 


178 


N 
a 


No 
aoa 


V/ [URIDINE] (mM-~") 


Uridine Exchange Efflux from Rat Erythrocytes. 
[1*C }-Uridine-preioaded cells were incubated at 


37°C with unlabelled uridine solutions. Efflux 
was vstoppedriatotsts secraintérvalis by taking 
aliquots into ice cold quench solution. 

o—-o, 16:0-fed; a—n, 18:2-fed. 
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Figure 47. 
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TIME (min) 


Effect of HTG on Uridine Flux in Rat Erythrocytes. 
After incukation at 37°C with a fixed “amount of 
[14C]-uridine, the uptake was stopped by taking 
porticns into ice cold quench solution and ceils 
were washed and counts extracted. 

o-o, 0.05mM HTG; o-o, 0.05mM HTG + 6.7mM uridine 
x—x, 4.7mM uridine 
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volumes, and different hematocrits of the cell suspensions. 
It. is obvious that, contrary to the case with human 
erythrocytes, HIG at 0.05mM does not significantly inhibit 
uridine flux or remove the saturability seen in rat 


erythrocytes. 


et ee ee oe 


From the results of the efflux of glucose from 
liposomes, it appears that alteration of the fatty acid 
species present in the diet failed to produce a difference 
in erythrocyte membrane lipid fluidity. In view of this, the 
lack of effect of diet on the kinetic parameters of uridine 
or 3-—O-methyl glucose facilitated diffusion is what would be 
expected, and so this section gives no information about the 
effect of fluidity on facilitated diffusion. In spite of the 
lack of alteration of membrane fluidity, erythrocytes from 
essential fatty acid-deficient rats are lysed much more 
rapidly in glycerol solutions than those from controls. This 
seems to be due tc changes in membrane fragility and 


critical hemolytic vclume, rather than permeability. 


The mechanism used to compensate for essential fatty 
acid deficiency involves desaturation of palmitic and 
stearic acids to replace the linoleic acid. The unsaturated 
fatty acids can be divided into four families, according to 


the number of carbon atoms between the terminal methyl group 
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and the nearest double bond (208). The biosynthetic 
relationships between the various fatty acids are shown in 
figure 48. The precursors can be converted to other 
unsaturated fatty acids in the family by desaturation and by 
2-carbon elongations as shown. Of these families, two of the 
precursors, palmitoleic acid and oleic acid, can be formed 
from the 16 and 18 carbon’ saturated fatty acids by 
desaturation in the 9-10 position by a specific oxygenase. 
The other two, linoleic acid and linolenic acid, must be 


supplied in the diet. 


The predcminant unsaturated fatty acids present in 
normal rat erythrocyte membranes are oleic acid and members 
of the linoleic family, particularily linoleic and 
arachidonic acids. The major response to restriction of 
linoleic acid intake is an increased biosynthesis of members 
of the oleic acid family, primarily oleic and eicosatrienoic 


acids, and the production of some palmitoleic acid. 


Certain species differences are seen between the 3—0- 
methyl glucose and uridine transport systems in human and 
rat erythrocytes. Although the values for Km are similar in 
both species (aktout ImM for uridine and 20-40mM for glucose 
or 3-O-methyl glucose), Vm in the rat is about 100-fold 
lower for uridine than in the human (0.9 vs 90 micro- 
moles/min/ml packed cells) and 10-fold lower for 3—O-methyl 
glucose than for glucose in the human (3 vs 0.2 micro- 


moles/min/ml packed cells). Although 3-O-methyl glucose 
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Figure 48, Biosynthetic 
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uptake in the rat was measured by a zero-trans experiment, 
while D-glucose efflux in human erythrocytes was measured by 
equilibrium exchange, this difference in techniques has been 
reported to result in a maximum difference in Vm of 2-fold 


only, and so can not account for the 10-fold difference 


observed (156). 
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CHAPTER VI 
CONCLUSION 


i Discussion of Results 


The objective of this project was to determine whether 
or not facilitated diffusion rates are dependent on the 
membrane lipid fluidity. Although the answer obtained is not 
completely definitive and unambiguous, the results suggest 
that the maximum rates of facilitated diffusion of glucose 
and uridine in human erythrocytes are not directly related 
to the fluidity of the lipid region of the membrane. This is 
shown by the failure of 100 mM ether, or of substitution of 
cholest-4-en-3-cone for membrane cholesterol, to increase the 
values of Vm for these processes. It appeared that dietary 
manipulation cf rat erythrocyte membrane fatty acid 
compositions did not alter the membrane lipid fluidity, so 


this approach was unsuccessful. 


With Acholeplasma laidlawii, the rate of glucose 
permeation was shown to increase with increasing lipid 
fluidity, and to show a discontinuity in the slope of the 
Arrhenius plot within the phase transition region. It was 
not established, however, whether the uptake of glucose by 


this organism occurs by active transport or facilitated 


diffusion. 


The finding that mediated glucose permeation of A. 


laidlawii is influenced by physical properties of the lipid 
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region of the membrane extends the observations of this 
phenomenon which were made for the beta-glucoside and beta- 
galactoside transport systems of E. coli after this study 
was begun (81,82,93,209). These studies by other workers 
have characterized the influence of lipid physical 
Be oyartres on transport by relating the temperatures of 
occurrence of discontinuities in the slopes of the Arrhenius 
plots of transport to the lipid composition and phase state 
behavior of the membrane lipids. As many as three 
discontinuities were sometimes seen, and their positions 
were dependent cn the membrane lipid fatty acid composition 
such that membranes having higher lipid transition 
temperatures also showed the discontinuities at higher 
temperatures (81-83,92,209). An alternative approach, which 
has been employed in this thesis, is to look at the effect 
of membrane lipid properties on the rate of transport under 
fixed conditions. The result obtained with A. laidlawii, 
that glucose flux rate increased with increasing membrane 
lipid fluidity, is consistent with a direct association of 
the transport protein with the membrane lipid, and with the 
occurrence of scme type of motion of this protein in a rate- 
limiting step in the transport process. This result would 
support models for the transport process which feature 
either a movement of a shuttle-type carrier protein through 
the bilayer, or a conformational change ina transport 
protein intimately associated with the bilayer. Transport 


through fixed channels or ata specialized site which is 
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isolated from the bulk lipid region would seem to be 


excluded. 


The uptake of beta-galactosides in E. coli (91), and 
possibly beta-glucosides in E. coli (210) and D-glucose in 
A. jlaidlawii, occurs by metabolic energy-dependent active 
transport systems. The efflux of thiomethyl-galactoside from 
E. coli occurs via the beta-galactoside transport system, 
but is not energy-dependent. Although this efflux was shown 
to be influenced by the fluidity of membrane lipids, this 
phenomenon has not been clearly demonstrated in a well- 
defined facilitated diffusion system (211). In fact, some 
observations have been reported which suggest a lack of 
correspondence of flux rates to lipid fluidity in certain 
facilitated diffusion systems. When the glycerol 
permeabilities of erythrocytes from several mammalian 
species were determined, the species examined fell into two 
groups (203,212). Cne group showed a low glycerol 
permeability and a high temperature dependence of 
permeation. Within this group, the sequence of increasing 
mean fatty acid chain length and decreasing mean number of 
double bonds (i.e., decreasing lipid fluidity) coincided 
with the sequence of increasing glycerol permeability. No 
such correspondence was seen in the other group, which had 
higher permeabilities with lower temperature dependencies. 


It was postulated that glycerol permeation occurs by passive 


diffusion in the first group, but by facilitated diffusion 
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in the second group. This observation is not, however, a 
convincing demcnstration of a lack of effect of lipid 
fluidity on facilitated diffusion, since species differences 
in the transport systems could obscure the lipid fluidity 
effect. As examples of such species differences, glucose and 
3-O-methyl glucose transport in beef erythrocytes were shown 
to have a Km 100-fold lower and a Vm at least 1000-fold 
lower than in human erythrocytes (146), and rat erythrocytes 
were shown in the present work to transport 3-O-methyl 
glucose with a 10-fo0ld lower Vm and uridine ithe 100-fold 


lower Vm than human erythrocytes. 


The results reported here indicate a lack of 
correlation of the values of Vm for uridine and glucose 
fluxes in human erythrocytes with lipid fluidity. The 
interpretation cf such a result is either that the portion 
of the transpert system undergoing movement during the 
permeation process is not in direct contact with the bulk 
lipid region, or else that no such movement occurs. It is 
possible tc envision several types of models having these 


characteristics. 


A model proposed by Naftalin for glucose facilitated 
diffusion features a fixed aqueous channel at the transport 
site, lined cn the inside surface with permeant binding 
sites (157). While this model is certainly compatible with 
the lack of influence of lipid fluidity seen on transport 


rates, particularily in light of,,the analogy with the 
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channel-forming antibiotic, gramicidin (95), there are 
certain objections to it on the basis of other kinetic data 
(156). Specifically, it cannot account for the fact that the 
Km for glucose transport measured by the infinite-cis 
procedure is an order of magnitude lower than that pedeuees 


by equilibrium exchange. 


The concert of a mobile carrier-type transport protein 
which shuttles from cne side of the membrane to the other 
seems difficult to reconcile with the results reported here, 
but there are several ways to accomodate a protein which 
translocates the permeant by a conformational change, 
without having it interact with the bulk lipid of the 
membrane during this process. The protein could have a 
rather rigid shell, with the movement occurring at its 
interior without disturbing the surrounding Ix pid or 
changing the overall shape of the protein appreciably. It 
could also be in the center of an aggregate of other 
proteins, which shield 22 from the lipid region. 
Alternatively, it may have lipid of some specific class, 
which is not fluidized by anesthetics or by sterol exchange, 
bound to its surface. If this were the case, the Overall 
passive permeability of the membrane could be increased due 
to an increase in the fluidity of certain regions of the 
Mipid?gy white ‘the’ "fluidity, ‘of7?/the lipid immediately 


surrounding the transport site was unaltered. 


In addition to the qualified answer which was obtained 
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to the question posed, several interesting miscellaneous 


observations came to light in this work. 


Although a complete characterization of the glucose 
transport system in A. laidlawii was not achieved, it was 
shown that it is specific for D-glucose and 2-deoxyglucose, 
but not 3-O-methyl glucose, and that the accumulation of 
radioactivity seen probably represents a steady-state 
labelling cf metabolic pools, unless uptake is measured at 
very early times. This means that the conditions employed by 
other workers to measure this phenomenon were probably not 
appropriate to this system (118,120), presuming that the 
strain used by them did not differ significantly from ours 


with respect to glucose uptake and metabolism. 


The failure of methylarsine oxide to inhibit maltase in 
this organism seems to indicate a difference between this 
enzyme and the maltase studied by Rona et al. (origin not 
specified) (148). The inhibition of binding of phloretin to 
A. laidlawii, which is apparently not due to competition at 
a specific binding site, is an interesting phenomenon. This 
inhibition seems to indicate a change in the partitioning of 


phloretin into the membranes elicited by glucose, and may be 


related to the energetic state of the cell. 


Species differences in the Vms of 3-O-methyl glucose 
and uridine transport have been noted between human and rat 


erythrocytes, as well as a difference in the effect of HTG 
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on uridine transport. 


The alteration in hemolysis rates of rat erythrocytes 
in glycerol reported by Waiker and Kummerow (199) and by 
Jager and Houtsmuller (200), as a result of essential fatty 
acid deficient-diets, were confirmed. However, it was also 
noted that alterations of the dietary essential fatty acids 
supplied did not elicit changes in the mean fatty acid chain 
length or mean double bond index, nor did it change the 
passive permeability of liposomes formed from membrane 


lipids. 


Procaine-HCl at 50mM inhibited facilitated diffusion of 
both D-glucose and uridine in human erythrocytes. 
Ether,however, did not inhibit either system when present at 
100mM. This disagrees with the generalization that all 
anesthetics inhibit facilitated diffusion (165), and also 
with the statement that therapeutic concentrations of ether 
inhibit glucose penetration into erythrocytes (213). (A 
therapeutic concentration of ether is of the order of 10mM 


(186)). 


II Suggestions for Further Research 


A number of suggestions come to mind for the extention 
and clarificaticn of this work. It would obviously be 
desirable to characterize more rigorously the transport 


systems studied in A. laidlawii. In order to do this it is 
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necessary to determine the actual flux of the permeant, 
rather than an apparent uptake which is influenced in an 
unknown way by metabolism of the permeant. One approach 
would be to use some non-metabolizable substance which is 
transported by the system being investigated. Although ae 
deoxyglucose and 3-O-methyl glucose were not suitable under 
the conditions employed in this study, there are other 
compounds which could be tested as non-metabolizable 
substrates for the glucose transport system in this 
organism. 6-Deoxyglucose might be promising, as it has no 6- 
hydroxyl group to be phosphorylated. 5-—Thio-D-glucopyranose 
has the oxygen atom in the pyranose ring replaced by a 
sulfur atom, and is the nearest available structural analog 
to normal D-glucose (214). This substitution seems to cause 
no change in affinity for the transport carrier in rabbit 
kidney cortex (214), but does decrease the affinity for 
binding tc isclated human erythrocyte membranes . (215). 
Another possible glucose analog for the transport system in 
A. jdaidlawii is alpha-methy1-D-glucopyranoside. This 


compound has been reported to be a substrate for the glucose 


Sa Sa eS SS 


It has been reported that, in some organisms, 2- 
deoxyglucose is phosphorylated, but not further metabolized 
(131,136-139})., If this can be verified to also occur in A. 
laidlawii, then 2-deoxyglucose may be an ideal glucose 


SS eS a 


analog for studying the transport system, Since it has been 
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demonstrated here that this compound competes with glucose 
for uptake, and since the intracellular sugar would be 
trapped by phosphorylation. The phosphorylation of 22 
deoxyglucose causes depletion of cellular ATP, so it would 
be necessary tc provide the cells with an energy source. One 
possibility for this role is maltose, provided that it can 
be demonstrated that maltose doesn't compete with glucose or 


2-deoxyglucose for uptake. 


An attempt to find a non-metabolizable analog of 
maltcse which uses the maltose transport system in A. 
daidlawii might also prove to be fruitful. Since the first 
step in the metabolism of maltose is its hydrolysis to 
glucose by a specific maltase, any modification which 
stabilizes the kond hetween the two glucose moieties should 
prevent its metabolism (120). It seems likely that many 
other groups on the maltose molecule are involved in binding 
to the transport carrier, so the glucosyl linkage could 
probably be stabilized to the maltase without preventing 
transport. The replacement of this ether oxygen by a sulfur 


atom or by a methylene group are two obvious possibilities. 


Another approach to measuring the rate of uptake of 
glucose or maltose would be to account for all the 
radioactivity lest from the cells due to metabolism in order 
to obtain an estimate of the actual uptake rate. This 
strategy was used by Renner et al. to measure the uptake of 


D-glucose by cultured rat tumor cells (131). They found that 
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a significant proportion of the glucose taken up was not 
found in the intracellular compartment, but rather appeared 
as C02 given cff or as lactate dissolved in the medium. A. 
daidlawii, strain B, converts [14*C }glucose to C02, acetate, 
pyruvate and lactate, so it would he necessary to add the 
amount of radicactivity in the extra-cellular space present 
as these compounds to the intracellular radioactivity in 
order to determine the total amount of [14C}glucose or 


maltose which has permeated the cells (113). 


The attempts made to inhibit glucose metabolism have 
not been exhaustive. Any other metabolic inhibitor used will 
present the same preblem as did IAA; one can not be certain 
what effect, if any, it has on the transport protein. 
Nevertheless, if two or more inhibitors are found which 
completely prevent glucose metabolism, and if the rates of 
uptake of label in their presence are Similar, it would seen 
likely that the actual transport step is unaffected. It 
might also be possible to inhibit metabolism by feedback and 
mass-action effects simply by carrying out the assay in the 
presence of high ccncentrations of metabolic end products, 
such as acetate or lactate. If cells could be completely 
depleted of ATP, perhaps by pre-treatment at 37°C with 2- 
deoxyglucose, then they may not be able to initiate the 
metabolism of glucose which is subsequently added, since the 
PALeSe step in glucose metabolism requires ATP. This 


procedure might also reveal whether or not glucose uptake by 
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these cells requires energy. 


Although Rcttem et al. Lreported that osmotic lysis of 
the possibility of forming sealed vesicles which are free of 
cytoplasm should not be completely discounted (114). By 
varying the temperature, the pH and salt concentration of 
the lysing solution, or other conditions, it may be possible 
to obtain vesicles which would be suitable for transport 


measurements. 


One problem in the interpretation of the results 
obtained with human erythrocytes was the uncertainty 
regarding the effect of sterol exchange on membrane lipid 
fluidity at the transport assay temperature. Carrying out 
the transport measurements at 379°C, rather than at 15°C, 
would eliminate this problem, if this measurement could be 
achieved. Since the fluxes of uridine and of glucose are 
rapid, it may be difficult to measure them accurately at the 
higher temperature. Another approach would be to carry out 
differential thermal analysis of erythrocyte membrane lipids 
to determine where the phase transition actually occurs. If 
it is at a temperature significantly below 15°C, then the 
validity of the conclusions obtained from the results with 
sterol exchange would be vindicated. It would be necessary 
to seperate cholesterol from the rest of the erythrocyte 
lipids for the thermal analysis, since the presence of 


cholesterol destroys the cooperativity of the phase 
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transition. In a preliminary experiment, we have determined 
that this seperation can readily be achieved by 
chromatography on silicic acid, using chloroform to elute 


the cholesterol, and methanol to elute all other lipids. 


A final suggestion is to extend this type of study to 
other organisms. The fatty acid composition and phase 
transition temperature of mitochondrial membranes from the 
yeast Saccharcemyces cerevisiae are profoundly affected by 
the growth conditions (217). Anaerobic growth results in a 
much smaller proportion of unsaturated fatty acids in the 
membrane, and the cccurrence of discontinuities in the 
Arrhenius plots of activities of membrane enzymes at higher 
temperatures. This yeast, and the unsaturated fatty acid 
auxotrophs of E. coli are examples of organisms whose 
membrane lipid fluidity can be experimentally manipulated; 
there may be others as well. It would certainly be worth 
while to look at the effect of fluidity in such systems on 
various transport processes to see how general the 


phenomenon of dependence of transport rates on lipid 


PraLratey is. 
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Tarshis and co-workers have described transport systems 
for glucose, maltose and fructose in A. laidlawii (118-1290). 
While some of their data agree with mine, there are also 
some differences, and their interpretations of the data are 
different from those I have made. Two criticisms can be made 
of Tarshis' work: some of the calculations seem to show 
internal inconsistencies; and some of the interpretations 
are based on false assumptions about the nature of the 


phenomenon which is being observed. 


These workers quote values of 0.13 to 0.48mM for the Kn 
for glucose uptake and 0.5 nmoles/min/mg cell protein for Vm 
(119,120). The basis for their calculation is the assumption 
that transport is rate-limiting for the accumulation of 
counts, and they support this contention by showing that 
glucose phosphorylation by cell-free extracts occurs with a 
Km Similar to that for accumulation, but an 11-fold higher 
Vm (119). It is clear, however, that the quoted value for Vm 
of uptake is not consistent with figure 3 of reference 120, 
since rates significantly higher than the supposed Vm are 
plotted on this figure. The value obtained by measuring the 
intercept of the inset Lineweaver-Burk plot is approximately 
17 nmoles/min/mg cell protein. The calculation of Vm, rather 


¢+han the axis of the figure, is probably incorrect, as the 
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points plotted in figure 3 are consistent with rates derived 


from data plotted on figure 1 of the same reference (120). 


Apart from the apparent error in calculating Vm for 
glucose uptake, this comparison between rates of 
phosphorylation and accumulation is not really valid anyway 
because 10mM ATP ae added to the reaction mixture in 
assaying phosphorylation by cell-free extracts. If the 
availability of ATP was partially rate-limiting for 
phosphorylation in intact cells, then a comparison of the 
two rates is not meaningful unless the amount of ATP present 
was the same in both cases. That ATP availability is rate- 
limiting in vivo is suggested by the acceleration of label 
accumulation seen in the presence of added unlabelled 
glucose under certain conditions (Chapter iII: figures 25 
and 26), and by the earlier attainment of the peak value of 
intracellular radioactivity seen in the presence of ATP or 
of ADP plus PEP (Chapter III: figure 24). The fact that some 
radioactivity with the same Rf as glucose is found inside 
the cells at geepaud times during the uptake assay also 
suggests that -transport is not ‘completely rate-limiting 
under the conditions of these assays (Chapter III: figures 
15 <and 27). In ‘fact, the ‘similarity in Ka°for uptake ‘tothat 
for phosphorylation noted by Tarshis et al. tends to suggest 
that the Km that they observe for uptake is actually due to 
the phosphorylation process. At 37°C and at 0.03mM 


DP=glucose, Tarshis “et al= "give an uptake, rate near 1 
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nmole/min/mg cell protein. Using cells grown in the presence 
of palmitate plus oleate, whose membrane lipids would be 
considerably more fluid than those of cells grown on unsup- 
plemented medium, I obtained a rate of about 0.2 
nmoles/min/mg cell protein, under the same assay conditions 
(Chapter III: figure 24). This lower value may reflect the 
increased loss of metabolic products by the more leaky 
cells. As shown in figure 28 (chapter III), however, rates 
of between 6 and 40 nmoles/min/mg cell protein, devending on 
the membrane lipid composition, are obtained with 0.1mm 
glucose at 25°C when the assay is performed at earlier 
times. This wide variation between the two types of assay 
indicates that, at times that were used by fTarshis for 
sampling, the rate of accumulation of radioactivity is 
dependent on metabolic processes and reflect loss as well as 
uptake of counts. The actual glucose flux rates are 
significantly higher than those calculated from uptake of 


counts when sampling is done at 5 min intervals. 


It may not be valid to make a direct comparison of 
these results with mine, since the strain used by Tarshis et 
al. @s amct\ Teported,, and “some of the variations in. the 
results obtained could be due to strain differences. 
Nevertheless, the points made regarding their calculation of 
Vm and assignment of rate-limiting steps are not dependent 


on any information other than that contained in fTarshis' 


papers. 
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Appendix 2. Kinetics of Equilibrium Exchange Efflux 


The derivation used by Myers and Prestwood in 
describing a Simple homogeneous exchange reaction is 
followed, with the additional constraint that the two 
species involved in exchange (intracellular permeant and 
extracellular permeant) are present in different 


compartments having different volumes (218). 


The eA ate Be are defined: 
R=flux rate in moles/sec 
I=moles of permeant inside 
E=moles of permeant outside 
I'=moles of labelled permeant inside 
E'=moles of labelled permeant outside 
Si=Specific activity inside=I'/I 
Se=Specific activity outside=E'/E 
Vi=Volume of intracellular compartment (1) 


Ve=Volume of extracellular compartment (1) 


The following assumptions are made about the system: 

(a) Concentration inside=concentration outside (the system 
is at equilibrium). 

(b) No energy-requiring accumulation occurs. 

F=fraction exchange=(Si-Si,)/ (Siy-Si, ) =(Se-Se, ) / (Se,,-Se, ) 

Gi) F=(1'-13) / (Serio aba oer 

Se=fraction of permeant outside that is radioactive. 


(1-Si)=fraction inside that is not radioactive. 


aoF2 te: a9 i sh daria ‘Ment Yes ee snodtexsqeqaey | 


OLS Da oe reese: 


ie 
i \ 


Haag 33 ho 


cv 


hs Fase 


Nn | i 5 +] 
5 A ‘eee | 
mob ‘sont ih mada 

tw eye Ee, ar joe aoe shoedeetaiia’ garwaiteh aap — 


te : i. 


Ie 


Ch poate tito bg. pe df ak se 
Mitwcera went sak veonR HU ytapesregteae on 
lige ~“ a ~082= afhratd) \ONO pa wotipertet * 
er ON Gena gina Go tp at, nm : 
sawed See (iter er She ah be sig ate By Se. Modtoertnae 
OE t 20m Ete, toh pos sindy ae noxsoaaha at ? oe ie 


214 


Only an exchange of external radioactive for internal 
unlabelled permeant increases E', therefore: 
(2) d(E'/Ve) sat= (1/Ve) ReSi (1-Se) - (1/Ve) ReSe (1-Si) 
or dE'/dt=R (Si-Se) 
(3) dE" /at=R[ (I*E-E'I) /IE ]J=(R/IE) (I' E-E'TI) 
(4) E'+I'=E%, tif, , therefore DoSE ee = Es 
(5) It=(Vi/Ve) Et, (since concentrations inside and outside 
are equal) 
Substitute (5) into (4), and result into (3) to get: 
(6) dE" /dt=R/ (IE) [FE +(EEt,) (Vi/Ve) -EE'-E'T ] 
But E(Vi/Ve)=I, therefore 
(7) dE" /dt=[ R/ (IE) Jef EE% +IE§ -EE'-IE' ] 
(8) dE'/dt=[(R/ (IE) Je (E54, -E") (E+I) 
(9) dE'/(EQ-E')={{ R(EtI) J/ET} dt 
(10) -ln(E%,-E') =[R8/ (EI) ] (E+I) tt+tconstant 
(11) At t=0, E'=E', therefore constant=-1n(E}, -E}) 
(12p°=in (24-8) =[ R7 (EL) ) (2+ 1 pteini3 =F) 
(13) In[E% -E")/ (EQ ~E6) J=-Rt[ (E+I)/ET] 
(E% -E*) can be written as: (EQ ES)- (ES-ES). 
therefore: 
(14) In {fl (Eb ES) -(E'-E$) 1/ (Eb -EJ) } =-Rt[ (E+I) /ET] 
(15) Inf I= (E"=E3)7 (Eh FE GN ITH Rte Fe). / EL] 
From (1)isande (15): 
(16) 1n(1-F)=-Rt[ (E+I)/EI] or Rt=[ (EI) /(EtI) Jln (1-F) 
C=concentration of permeant inside=concentration of 
permeant outside, therefore: 


(17) E=CeVe and I=CeVi 
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(18) (E+I) /EI=(CVetCVi) / (CVeeCVi) =(Vet+Vi) /CVeVi) 

‘Therefore, from (16) and (18): 

(19) Rt=-{f{ (CVeVi) /(Ve+Vi) ]in(1-F) } 
(20) -log(1-F) =[ (VetVi) /(2.303CVeVi) JRt 

Let N be cpm in a specified volume of the 
extracellular fluid at time=t: 
POY) (SN) A (haote 

Therefore, plot log[ (N,-N_)/(N.-N,) ] vS time in sec. 
(22) (slope) e-[ (2.303CVeVi)/(VetVi) jJ=R, where R 
is initial rate in moles/sec/l of extracellular water. 

Let Vi=intracellular volume/ml extracellular water in 
ml, so Ve=1; therefore: 
(23) slope X -[ (2.303)CVi)/(1+Vi) ]=R 

If cC is expressed in mM, and Vi and Ve in ml, R is 
Micro moles/sec/l extracellular water. 

The hematocrit of the assay mixture is determined 
directly, and the intracellular and interstitial 
volumes per mi of packed cells are obtainable from the 
[14C]—Sucrose and 3-—O0-Methyl glucose spaces of a cell 
suspension. 

(24) Vi=(Wh)/[1-h (1-Q) J 
where: W=intracellular volume/ml packed cells 
h=hematocrit 
Q=interstitial volume/ml packed celis 
(25) RATE=Slope X -[{138.18CVi/(1+Vi) Je{ h-t—1+Q ] 


where RATE is expressed as ymoles/min/ml packed cells. 
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Appendix 3. Fatty Acid Nomenclature 


In the shorthand nomenclature used for identifying 
fatty acids, the numbers before the colon designate the 
number of carbon atoms present, and that after it the number 
of double bonds. The letters "c" or "t" designate the cis or 


trans isomers. 


Some of the fatty acids commonly encountered in 
biological systems are listed in Table X, along with their 
anhydrous melting points. Unless otherwise specified, double 
bonds are assumed to be in the cis configuration. The 
tendency for the melting temperature to increase with 
increasing chain length or saturation, and the lower melting 
temperatures seen with cis, as opposed to trans double bonds 
is evident in this table. While the hydrated phospholipids!’ 
transition temperatures are affected qualitatively in the 
same manner by these features as the melting points of the 
anhydrous fatty acids, there is not a direct correspondence 
between the two, and the transition temperatures FO: 
hydrated phospholipids are lower than anhydrous melting 
points. For example, the transition temperatures of hydrated 
distearyl, dipalmitoyl, dimyristoyl, and dielaidyl 
phosphatidylcholines are at 60°C, 41°C, 23°C, and -22°C 
respectively. These are about 10C°, ; 22C°, 31C°, and  35c° 
lower than the capillary melting points of the corresponding 


anhydrous fatty acids. 
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